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THE GAS EVOLUTION IN PETROL STORAGE- 
TANKS CAUSED BY THE ACTIVITY OF 
MICRO-ORGANISMS.* 

By A. C. Tuaysen, M.Sc., Px.D.+ 


In a series of preliminary investigations it was found that a varied 
microflora inhabits the water-bottom of oil storage-tanks even where the 
tanks are used for the storage of purified oils only, including kerosine. 
It was found also that this microflora included types which reduce sulphates 
to hydrogen sulphide and nitrates to nitrogen. It is proposed in the fol- 
lowing to discuss the bearing of these observations on the problem of the 
evolution of gases in oil storage-tanks. 

The first question to dispose of in connection with these observations is 
obviously not so much where these sulphate- and nitrate-reducing micro- 
organisms have come from, as whether it can be shown that they are active 
in the water-bottom of oil storage-tanks. For their presence is not in itself 
a proof of their activity in the tanks, since the water used for water-bottoms 
is often very impure, being drawn from estuaries and rivers, and, therefore, 
polluted not only with sulphates and nitrates, but also with micro-organisms 
capable of decomposing these salts when conditions are favourable. In 
other words, the question to be answered is, whether conditions are favour- 
able in the water of oil storage-tanks for the establishment of an indigenous 
microflora. Experimental data obtained by myself and my colleagues 
unquestionably point to this being the case. 

It was noticed, for instance, that the sludge collecting on the floor of a 
tank in which a sulphide-free white oil was stored showed the presence of an 
appreciable percentage of iron sulphide—enough to discolour the sludge a 
deep black. At the same time the number of sulphate-reducing organisms 
in the sludge was estimated quantitatively, as far as this was possible with 
the available technique, and it was found that their numbers in the sludge, 
and even in the tank water, were much greater than that in the water used 
for making up the water-bottom. 

In another case a tank used for the storage of pure kerosine showed gas 
bubbles rising from the water through the oil. These bubbles, when col- 
lected, were found to contain a percentage of nitrogen in excess of that 
normally present in air, as well as small amounts of other gases. A bacterio- 
logical analysis of the water from this tank showed that a much larger 
number of nitrate-reducing bacteria was present than is normally found 
in estuarine water such as that used for this tank. 

Other observations and experiments which have been made have con- 
firmed that an indigenous microflora, capable of producing hydrogen 


* The reports in this Journal complete the series of papers presented at the 
Symposium on ‘“‘ Dangerous Gases in the Petroleum and Allied Industries ”’ held at 
the Royal Society of Arts on 14th March, 1939. The remaining papers were 
published in the June issue. 
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sulphide and nitrogen, establishes itself under normal conditions in the 
water-bottoms of oil storage-tanks, and is the cause of the evolution of these 
gases, which in some cases, at any rate, may cause considerable damage, 
Before dealing with this aspect of my problem let me refer to some obser. 
vations which we have made, and which we consider have strengthened 
our belief in the existence of an indigenous microflora in oil storage. 
tanks. 

It has already been mentioned that iron sulphide had been detected in 
the sludge of a tank which had been used solely for the storage of sulphide. 
free high-grade petrol. The water used for the bottom of this tank had 
been taken from a river which on the day when an examination of it was 
made was free from sulphuretted hydrogen. Whether it had been free 
also on the day when it was used for the tank cannot be confirmed with 
certainty, though it is almost certain to have been free, since the river in 
question has a considerable daily flow in addition to the tidal flow. Fur. 
ther, it is known to harbour fish life. If it may be assumed, therefore, 
that the iron sulphide found had not been introduced with the water, and 
knowing that hydrogen sulphide was not contained in the stored petrol, it 
must have been produced in the tank itself from the sulphates available in 
the water. This could only be done by their reduction through the activity 
of the specific bacteria found in the water. In turn the hydrogen sulphide 
would combine with available iron to form iron sulphide. 

One of my colleagues, Mr. H. J. Bunker, undertook to determine whether 
a reaction such as that outlined could be carried out experimentally. The 
results obtained confirmed the explanation here given for the formation of 
iron sulphide in storage-tanks. 

Before referring to Mr. Bunker’s results, it is relevant to mention 
certain other observations which have been made. In the case of another 
storage-tank for refined sulphide-free oils, which had been provided with a 
water-bottom at least as likely to be contaminated with sulphuretted 
hydrogen from the water source as the tank previously referred to, no 
trace of iron sulphide could be detected in the bottom sludge, and no 
sulphate-reducing micro-organisms were found in the water. The only 
difference between the two tanks was that the sulphide-free one had been 
given a cement wash after its cleaning, while the other one had not. It is 
suspected that the presence of the cement may have rendered the reaction 
of the water-bottom alkaline to such an extent that the activity of the 
sulphide-reducing bacteria became curtailed, but proof of this suspicion 
has not yet been obtained. 

To turn to the laboratory experiments which have been carried out to 
demonstrate the effect of biological sulphate reduction in the presence of 
purified mineral oils. In one series of these experiments,! samples of mild 
steel were immersed under the required anaérobic conditions in water 
containing sulphates to the extent of 0-35 per cent., but no sulphuretted 
hydrogen. Small amounts of a salt of an organic acid and of phosphates 
and ammonium salts had also been added. After introduction of the steel 
samples the water was inoculated with a sulphide-free culture of sulphate- 
reducing organisms and incubated, together with another steel sample 
submerged in identically prepared water, which remained uninoculated. 
After 156 days’ exposure, the two specimens of steel were removed and 
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weighed. It was found that the sample incubated in the presence of sul- 
phate-reducing organisms had lost 0-38 gm. in weight, whilst the control 
sample had lost only 0-02 gm. The liquid in the former sample contained 
a deposit of black iron sulphide; the sample itself showed corrosion pits 
and was stained dark, whilst the control sample was bright, free from pits 
and without sulphide deposit. Furthermore, the liquid from the inocu- 
lated sample smelled strongly of sulphuretted hydrogen. 

The pitting of the experimental steel sample had its parallel in the steel 
of the storage-tank, where iron sulphide had been detected. Here also 
numerous corrosion pits were discovered on the floor and on the walls, up 
to the limit of the reach of the water-bottom. Pitting such as this has 
frequently been observed in our laboratory on steel pipes exposed to bio- 
logical anaérobic corrosion in clayey soils, where it is unquestionably due 
to the activity of sulphate-reducing micro-organisms.” 

The experiment reported upon not only strengthens the belief in the 
occurrence of biological sulphate reduction in oil storage-tanks, but points 
to the danger which may result from such activity. Another experiment 
which has been carried out indicates that not only the storage-tank 
may suffer from the effect of biological sulphate reduction, but the oil 
itself. 

In this experiment, the results of which have not yet been published, 
strips of steel were immersed in water containing the food substances . 
necessary for the growth of sulphate-reducing micro-organisms. After 
inoculation, a layer of refined gasoline with negative copper-strip test was 
placed above the water so that the steel strip was immersed partly in water 
and partly in petrol. During the subsequent incubation of the samples, 
hydrogen sulphide was formed in the water by the organism. This caused 
the precipitation of iron sulphide in the water layer and a blackening of the 
steel strips both here and in the petrol layer above, indicating that hydro- 
gen sulphide had escaped into the petrol. This was confirmed in a copper- 
strip test on the oil, which was now strongly positive. 

Analogous observations have been made in the gas industry, where 
it has been reported * that sulphates in the water of gas-holders can give 
rise to a serious contamination of stored gas with hydrogen sulphide. The 
two observations taken together undoubtedly point to the danger of allow- 
ing biological sulphate reduction to proceed in tanks in which purified 
hydrocarbons are stored. 

Turning to the other aspect of gas production in oil storage-tanks, it 
may be recalled that I referred earlier to the observation that bubbles of 
gas, formed in the water layer of a tank used for the storage of purified 
kerosine, had been observed to rise through the remains of the kerosine 
which was left after the bulk had been removed consequent on a spon- 
taneous ignition in the tank, which had occurred some weeks earlier. 

It was possible to collect some of the gas which formed the bubbles, 
though the sample obtained was heavily contaminated with air. On 
analysis the gas was found to be composed of nitrogen, oxygen and a small 
percentage of a gaseous hydrocarbon, which was suspected of being either 

methane or ethane. 

Through the courtesy of the company on whose premises the tank in 
question was situated, it was possible to secure a 10-gallon sample of the 
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water-bottom. One-half of this was transferred to a glass demijohn 
which was connected with a cylinder for the collection of further gas 
samples. By the time this experiment could be undertaken, gas forma. 
tion had unfortunately ceased in the water, though a bacteriological analysis 
showed that it still contained an active microflora which, in addition to 
several other types, comprised sulphate-reducing organisms and nitrate. 
reducing bacteria, the latter in large numbers. 

For the purpose of reviving gas evolution it was decided to add certain 
food substances to the water. The first addition was intended to revive 
the sulphate-reducing organisms and consisted of a mixture of sodium 
lactate, ammonium chloride and magnesium sulphate in a concentration 
of approximately 0-1 per cent. of each salt, calculated on the total volume 
of liquid in the demijohn. 

After one week’s incubation of the demijohn at approximately 20° (., 
gas evolution had not yet been revived, and it was concluded, therefore, 
that the sulphate-reducing organisms had not taken any conspicuous part 
in the original gas production. 

Attention was next paid to the nitrate-reducing bacteria present, which 
were supplied with fresh food in the form of 0-1 per cent. of sodium nitrate 
calculated on the liquid present. Within a week gas evolution had com. 
menced, yielding a daily output at the above temperature of 6-10 ml. 
An analysis of the gas showed it to be composed of 85-5 per cent. of nitrogen, 
10-55 per cent. of methane and 3-95 per cent. of ethane. 

Addition of nitrates, therefore, resulted not only in the resuscitation of 
nitrogen evolution, but also in a renewed production of the gaseous hydro- 
carbons which had been suspected present in the original sample. 

These experiments, as far as they have gone, do not reveal the source 
of carbon from which the methane and the ethane have been produced. 
Nor is there at present evidence to indicate the types of micro-organisms 
which have produced them, though it is taken for granted that their 
origin must be microbiological. Seeing that their evolution re-started 
with the addition of sodium nitrate to the demijohn, it is tempting to con- 
nect their production with the activity of the nitrate-reducing organisms. 
However, no evidence is available in the microbiological literature to 
support this assumption, particularly as regards ethane production, which, 
to my knowledge, has not yet been observed during microbiological 
activity. 

It will remain for future investigations to clear up this problem. The 
same must be admitted for the fixing of the carbon source from which the 
gaseous hydrocarbons given off from the demijohn were produced. Since 
they were found also in the storage-tank from which the sample of water 
used in our experiments was drawn, it cannot be excluded that the kerosine 
stored in the tank represents the carbon supply, particularly since the water 
sample withdrawn from the tank was covered with a layer of kerosine after 
being placed in the demijohn. 

I do not wish to dwell on the significance from a practical point of view 
of the steady evolution in a kerosine storage-tank of a gas containing 14 
per cent. of gaseous hydrocarbons, but I would like to remark that it does 
seem worth reflection that it was the very tank in which this gas evolution 
took place which was seriously damaged through spontaneous ignition for 
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PROTECTION FROM DANGEROUS GASES 
IN OIL TANKS. 


By A. W. Cox, F.Inst.Pet.* 


SyNopsis. 


Dangers of empty tanks—Explosive and inflammable limits—Home Office 
Regulations—Cleaning and vapour-freeing tanks—Treatment for various 
products—Testing for inflammable vapour—Taking of samples—Electric 
testing methods—Flame testing methods—Potential sources of vapour 
Xemoval of water and residues—Precautions in vapour-testing work. 


THE prevention of fire and explosion in the petroleum industry has 
always been a serious problem, owing to the highly inflammable and 
explosive nature of many of its constituents. From the time oil is pro. 
duced at the well until it is consumed by evaporation, inflammation or 
explosion the production, treatment, storage, transport and use of petroleum 
must be accompanied by suitable precautions against accidents. 

The particular section of the history of petroleum with which this paper 
is concerned is that of transport and storage. This division can be narrowed 
still further, as it is really a consideration of the safety of empty tanks 
which have been used for the transport or storage. It must be recognized 
that a tank which has been emptied of its oil contents frequently con- 
stitutes a far greater source of danger than does the same tank when filled, 
or partly filled, with petroleum. The reasons for this are not far to seek. 

In the first place, a tank which contains a volatile and inflammable oil 
is very unlikely to have an explosive atmosphere above the oil level. The 
restricted proportions of vapour to air which form explosive mixtures 
would prevent such a space being explosive, although it would probably 
be inflammable. The application of a flame in the space above the oil 
level would therefore cause a fire only. Protection against the spreading 
of such a fire can usually be provided beforehand, and therefore the damage 
can be confined. On the other hand, an empty tank may easily contain 
an explosive atmosphere, and one cannot readily provide protection from 
so destructive and unpredictable an event as an explosion. 

In the second place, the risks attending an empty tank are not so evident 
as are those in a tank containing oil. The oil itself is recognized as a source 
of danger, but, when there is no liquid to be seen in a tank, it can more 
readily be assumed to be a safe space by those who are not familiar with the 
danger. 

In addition, it will be realized that repair work requiring the use of 
naked lights and fires would not be likely to take place on a tank which 
contained inflammable oil. The emptying of a tank, however, is often 
carried out for the purpose of making repairs, and it might therefore be 
assumed that, because a tank was empty, it was in order for naked lights 
to be used. That such assumptions have been made has been evident 
from explosions and fires which have taken place even in recent years. 
Repair work on oil tanks is carried out more frequently on tank ships and 


* Messrs. B. & R. Redwood. 
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barges than on land tanks, owing to the extra strains and stresses which 
occur in water-borne vessels. 

The risks attending the repairing of tank vessels was recognized quite 
early in the petroleum industry. In a Paper read before the Institution 
of Civil Engineers in 1894 the late Sir Boverton Redwood dealt at length 
with this problem. The industry was then in its infancy, but already 
there had been a number of explosions and fires in ships, due to the presence 
of vapours from petroleum. In consequence, a considerable amount of 
investigation was carried out, and the subject of the vapour-freeing of ships 
was thoroughly examined. The conclusions then arrived at still hold 
good, and it is therefore all the more surprising, in these days, that obvious 
precautions against fire and explosion are sometimes omitted. 

In recent years the risks attending repairs to tank vessels have been the 
subject of Government consideration. In 1931, after consultation with 
representatives of the oil and the ship-repairing industries, regulations were 
made governing the repairing of tank vessels.* The definite regulation 
was then made that 

“ Until a certificate of test has been obtained no person shall bring 

near, or take into, any oil-tank, any naked light, fire or lamp other 
ved than a properly enclosed electric lamp, or apparatus of any kind for 
nks producing a light or spark, nor enter it except for the purpose of testing 
zed the atmosphere or the necessary preliminary cleaning.” 
on- These Regulations then proceed to give details as to conditions under 
ed, which the use of naked lights may be permitted on ships undergoing repair, 
ek. and as to the methods to be adopted in preparing tanks for testing. The 
oil latter follow the practice of most ship-repairers for many years, and are 
he a tribute to the care which has been exercised by that industry during the 
res development of the tank ship. 
ily In considering the dangers attendant upon repairs to oil tanks, two 
oil well-known facts have to be kept in mind. These are, the small propor- 
ng tion of vapour to air which can cause an explosion, and the heaviness of 
ge petroleum vapour in comparison with air. The paper by Redwood already 
in referred to gives the results of numerous experiments with mixtures of air 
m and petroleum vapour. These experiments showed that, in the case of 
pentane, 1-25 per cent. of vapour in air was required to produce an in- 
nt flammable mixture, and the explosive limits were from about 1-5 per cent. 
ce to about 6 per cent. Since then many other workers have carried out 
re experiments on the explosive limits of petroleum hydrocarbons, and there 
le is a good agreement between these figures and those just quoted. 
The figures obtained by various workers, for explosion limits of hydro- 
of carbons, vary according to the conditions under which the experiments 
h were conducted. In the early experiments of Redwood a large metal box 
n was used to hold the air-gas mixture, and the source of ignition was a 
e lighted taper. Later workers have generally used smaller vessels, of 
8 differing shapes and sizes, and have usually adopted electric ignition. It 
t has been shown that, in the case of mixtures in a tube, the explosion limits 
. vary according to the position in the tube of the source of ignition, and 
i figures quoted for explosion limits must always be considered in relation 


* Shipbuilding Regulations, 8.R. & O., 1931, No. 133. 
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to the conditions of the experiments. This fact is one argument for not 
paying too much regard to the amount of inflammable vapour contained 
in a tank, and for insisting on the complete absence of vapour. The issue 
of a certificate stating, because a test of the atmosphere of a tank shows a 
proportion of vapour which is below a recognized minimum for explosion, 
that the tank examined is therefore safe for the use of naked lights, jg a 
very dangerous practice. Further consideration will be given to this 
matter later in the Paper. 


Gas-Freeing Tanks. 
The methods to be used to render oil tanks safe for repairs, according 
to the Shipbuilding Regulations, are as follows :— 


** All residual oil and any sludge or deposit therein shall be removed.” 

“It shall be thoroughly steamed by means of steam jets, for such 
period as will ensure the vapourisation of all volatile oil.”’ 

‘“* After it has been steamed (i) all covers of manholes and other 
openings therein shall be removed, and it shall be thoroughly venti- 
lated, by mechanical or other efficient means, so as to ensure the 
removal of all oil vapour, and (ii) the interior surfaces shall, if any 
deposit remains thereon, be washed or scraped down.”’ 


The operation of rendering a tank safe for work requiring the use of naked 
lights is usually termed “ gas-freeing.’’ The term is somewhat deceptive, 
for the preparation of a tank for repair requires more than the removal of 
gas which is present after it has been emptied. It is possible to make the 
atmosphere of a tank free from inflammable vapour, and still leave residues 
and deposits on frames and on the bottom which, when disturbed, will 
produce vapour. This occurs especially in the case of crude oil, where 
the lighter products are difficult to remove by ordinary steaming and 
ventilating methods. Even in the case of lighter products such as motor 
spirit, however, it is possible to remove all visible liquid, and yet leave 
deposits of rust and dirt which, when disturbed, evolve dangerous vapours. 
The “ gas-freeing ’’ of a tank consists, therefore, of the operations of steam- 
ing, ventilating and cleaning, and each of these is essential if the work is 
to be carried out satisfactorily and in reasonable time. 

The object of injecting steam into a tank is to raise the temperature, 
and thus distil off the lower-boiling products. This occurs particularly in 
the cases of products such as motor spirit and crude oil. In the case of 
higher-boiling and more viscous materials, the action of steaming is princi- 
pally to cause the oil to flow to the bottom of the tank, where it can be 
more easily removed, and, at the same time, to lessen the quantity of oil 
on the sides and frames. The removal of “ all volatile oil ’’ by steaming, 
as mentioned in the Shipbuilding Regulations, is not a practical proposition 
in the case of crude oils, but steaming of tanks which have contained these 
oils is not less essential because of this. It is found to facilitate “ gas- 
freeing ’’ in these cases if the steaming is done after the removal of as 
much deposit as possible, instead of before any cleaning is carried out. 

Ventilation is the next process. This can be accomplished by the use 
of windsails, but the more modern method is to use a steam ejector con- 
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nected to the pipe-lines of the tank. The latter method ensures that the 
gases removed are drawn from the lowest places in the tank, where the 
largest concentration of petroleum vapour is to be found. Ventilation by 
this means is therefore more efficient and more rapid. It is also unaffected 
hy absence of wind, which renders windsails of little value. The removal 
of petroleum vapour by ventilation enables men to enter a tank, in order 
to carry out the cleaning which is necessary before the tank can be con- 
sidered to be “ gas-free.”’ This is very important, as cleaning is an essential 
operation in preparing tanks for repair. 

The method to be adopted in cleaning tanks varies according to the 
product which was contained in the tank. In the case of the lighter pro- 
ducts, such as motor spirit, white spirit or kerosine, the cleaning will consist 
of the removal of condensed steam, the higher-boiling parts of the products, 
dirt and loose rust. All these materials must be completely removed. 
The disturbance of these products will cause the production of dangerous 
vapours, which will rapidly affect men who are carrying out the cleaning. 
The Shipbuilding Regulations therefore state that 


‘Where any person is employed in the cleaning of a tank which 
has contained oil with a flash point below 73° F. (close test), he shall 
be provided with suitable breathing apparatus consisting of a helmet 
or facepiece with necessary connections by means of which he can 
breathe outside air.” 


It will be appreciated that, the more efficiently the steaming and ventilating 
operations have been carried out, the less risk will there be of men being 
overcome by gases during the cleaning process. 

In the case of viscous oils, a very useful method of cleaning loose oil 
from the sides and framing of a tank is to wash the sides with water by 
means of hoses. By this means loose oil is sent to the bottom of the tank, 
where it can be removed, together with the water used for washing down, 
and thus reduce the time necessary for hand cleaning. 

The sequence of “ gas-freeing ’’ methods adopted in the case of crude oil 
is often different from that of other oils. The tank is first washed down 
with water-hoses. Oil on the sides and on framing is thus washed to the 
bottom where it can be pumped out by the ship’s pumps together with 
the washing water or, in the case of special tank-cleaning methods, by 
the ejector provided. The tank is then hand cleaned, due regard being 
taken to the release of dangerous gases as the residue is disturbed, and as 
much ventilation as possible provided. The tank is then steamed, after 
which further cleaning by hand is carried out, and ventilation continued. 

Throughout the operation of “ gas-freeing’’ it must be remembered 
that, not only are immediate explosion and fire to be prevented, but 
potential sources of explosion and fire are to be removed. The necessity 
for this is not always self-evident. 

The danger of explosion is dependent on the concentration of dangerous 
gases, and the obvious cure is ventilation. By this means the proportion 
of vapour in air is reduced below the minimum necessary for an explosion. 
But it is of little use ventilating a space until it is safe from an explosion, 
if there are means whereby vapour can be generated in the tank. These 
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means may be oil residues, condensed steam, rust, pipe-lines, heating coils 
and leaking bulkheads. Cases have also been known where hollow ladder 
hand-rails and hollow masts stepped into tanks have become filled with 
motor spirit. In many cases of this kind holes had previously been drilled 
at the bottom of the fittings, with the object of preventing such an event 
but these holes had become blocked with rust, and thus retained the liquid 
with which they became filled when the tank contained a cargo of oil of 
spirit. A frequent source of trouble is heating coils. These are often not 
used for a considerable time, while a vessel is carrying mobile and volatile 
liquids. In consequence they become filled with dangerous liquids 
through leaking joints. If the vessel is then used for other cargoes, which 
are not dangerous, it may be assumed that no dangerous liquid is contained 
in the coils. The contents of the coils cannot be observed by the person 
appointed to make tests for the presence of inflammable or explosive 
gases, and, if the joints of such coils are broken during repair work, in. 
flammable liquid may run out and nullify any certificate which may have 
been issued. This has actually occured on several occasions, and is an 
example of a potential source of explosion or fire mentioned above. 

The opening of pumps in pump-rooms is a potential source of danger, 
for it is usual for some liquid to drop from the pump into the bilges of the 
pump-room, and this may create an explosive or inflammable atmosphere in 
the bilges. With the more volatile distillates this danger is usually 
suspected and steps are taken to prevent it; but, even with less volatile 
products, circumstances may arise which cause the production of a danger- 
ous atmosphere. The playing of compressed air on to oily surfaces has 
been known to produce a dangerous condition, in an atmosphere which 
had previously been found free from inflammable gas. 

A very important potential source of risk is that of spaces adjacent to 
those which have been examined, and found free from inflammable gas. 
Repairs to a tank which is free from gas may involve penetrating with a 
flame or rivet into an adjacent tank, with disastrous results. Leakages 
from adjacent spaces into a “ gas-free ’’ tank have also been the cause of 
trouble, motor spirit being known to have trickled into a tank which had 
previously been free from inflammable gas. Opening of pipe-lines, valves 
and heating coils in a tank must always be followed by fresh tests of the 
atmosphere, before work requiring the use of naked lights is allowed to be 
continued. The flooding with water of a tank which had originally been 
‘* gas-free ’’ must be considered as cancelling any certificate which may 
have been given previously. When the water is removed the tank must 
be again cleaned and ventilated, and fresh tests made of the condition of 
the atmosphere, before naked light work is allowed. 

A point to be remembered in inflammable vapour detection work is that 
a small fire, which may occur in a tank in which the atmosphere is free 
from inflammable gas, owing to the presence of oil, oily residues or rust, 
may be the cause of damage to life and property out of proportion to the 
size of the fire. Such a fire can be started by the use of burning plant on 
oily plates or heaps of rust. The sudden appearance of a fire in an oil 
tank causes a rush of workmen to the ladder. This means clambering 
hurriedly over awkward frames in the tank, and a scramble at the foot of 
the ladder. There is serious danger to limb, and also the probability of a 
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dangerous psychological effect on the minds of men working on the ship. 

The trouble is likely to be still greater if a windsail happens to be in the 

line of the fire, for this will readily ignite, and cause more serious damage. 

Such accidents have occurred. 

These, and other considerations, lead to the view that the only safe 
policy is one of removal of all possible sources of both fire and explosion. 
It is in these matters that the experience and knowledge of the person 
appointed to make tests for inflammable vapour sometimes count for even 
more than the actual tests he makes. 

The ‘“ gas-freeing ’’ of petroleum-carrying tank barges is carried out in 
a manner similar to that of tank ships. The shells of these barges are 
usually separated from the tanks, and the spaces between the shells and 
tanks, as well as the cabins, must all be dealt with as dangerous places, 
and appropriate treatment given. The places cleaned must include the 
spaces round the outside of the tanks, from which all dirt and rust must 
be removed. Where tanks are supported on wooden beams, steps must 
be taken to prevent the release of inflammable vapour from oil with which 
they may have become impregnated. 

Most of the remarks which have been made in regard to oil tanks in ships 
apply equally to oil tanks on land. When emptied of its contents, the tank 
is heated by steam, to remove as much as possible of the lower-boiling 
products. Water and oil residues are then pumped out as far as possible, 
all bolted manholes are removed, and as much ventilation as possible is 
secured. This can be arranged by the use of windsails, or of metal sheets 
placed in the manholes, and bent so as to catch the prevailing wind. The 
tank is then thoroughly cleaned by hand, all water, oil, rust and dirt being 
removed. Gas masks may be necessary for this operation. Pipe-lines and 
valves connected to a land tank must be completely disconnected, so that 
no liquid can possibly enter the tank. Foot-valves must also be com- 
pletely dried, and the valves fixed well off their seatings. Swing-pipes 
must be disconnected and drained, and hung so that there is a fall along 
the whole of the pipes. When all connections are properly broken, and 
all residues of oil, water, dirt and rust are removed, as much ventilation 
as possible must be given continuously. 

In the case of buried tanks, such as underground cylinders, the methods 
used for land tanks will apply. Ventilation must be arranged so that 
there is a free passage of air out of the tank, as well as into it. It is only 
possible to examine the interior of tanks buried in the ground, and it must 
therefore be remembered that the ground surrounding such tanks may 
contain inflammable liquid or explosive vapour. 

The treatment for “ gas-freeing ’’ tank wagons follows the lines given 
for land tanks. Steaming, cleaning and ventilating all need to be 
carried out. Steps must be taken to ensure that no liquid of any kind is 
left in valve chambers or other concealed places. Valves and manholes 
must be fully opened and maintained open. 

The “ gas-freeing ’’ of drums is similar in principle to that of other land 
tanks. After thorough draining through the bung-hole, the drums are 
steamed. Water and residues are then run out, and compressed air is 
passed into the drum through the bung-hole. By this means ventilation 
is obtained. If a drum contains much rust or dirt which does not fall out 
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of the plug-hole after steaming, it may be dislodged by putting a quantity 
of water into the drum and rolling or shaking. : 
In the cases of cylinders, tank wagons and drums, it is not recommended 
to replace steaming by filling with water, owing to the difficulty of ensuring 
that inflammable liquid is not trapped above the surface of the water. 


Detectors for Inflammable Vapours. 


The methods used for detecting the presence of inflammable vapour 
can be divided into two chief classes. These are electric and flame methods. 
Investigations on these methods have been conducted since the commence. 
ment of the bulk transport of petroleum, and in some cases have been 
adapted from the methods used or proposed for the detection of explosive 
yases in coal mines. 

An early type of electrical detector was based on the fact that petroleum 
gases, when burned on a heated platinum wire, raise the temperature of 
the wire and increase the light emitted from it. By comparing the intensity 
of the light from the wire with that of another identical wire, which was 
subjected to the same current, an estimate of the amount of inflammable 
gas present could be made. The method suffers, in common with many 
electrical methods, from the disadvantage of the necessity for constantly 
checking and altering the zero indication. 

As early as 1887 electrical detectors were used based on the principle 
of the contraction in volume of gases, due to the combustion of hydro. 
carbons on a filament heated by electricity. These apparatus were found 
to give good results, under favourable conditions, and with a fairly high 
proportion of combustible gas. They suffered from a number of dis- 
advantages, including the time taken to obtain results, and the skill needed 
to ensure accurate zero settings for every test. 

Detectors of a different type were constructed, on the principle of adding 
explosive gas in known proportions to the gas under exammation, until an 
explosive mixture was formed. Experiments with known mixtures 
enabled calculations to be made of the proportion of inflammable gas in 
the sample examined. 

Another interesting apparatus, devised in 1868, depended on the change 
in rate of diffusion through unglazed earthenware, caused by the presence 
of extraneous gases in the atmosphere, while yet others used the change 
in resonance of a musical pipe, due to the presence of dangerous gases. A 
further detector used the rise in temperature of platinum black on the bulb 
of a thermometer, when placed in contact with inflammable gases, to deter- 
mine the condition of the air in mines. 

The earliest method of inflammable gas detection in coal mines was the 
observation of the effect of these gases on a candle flame. This was the 
forerunner of modern methods. It was noticed that when inflammable 
gases were present in coal mines which contained methane, the latter gas 
burned above the candle flame, with a pale blue flame of conical shape. 
The “ flame cap,” as it was termed, was difficult to see owing to the bright- 
ness of the candle flame itself, and other types of flame were tried, in order 
to obtain more definite and delicate results. 

The miner’s lamp, which burned oil, was found to furnish results similar 
to those of the candle flame, but again the brightness of the flame tended 
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to mask the pale blue flame of the inflammable gas, and it was difficult to 
detect less than 2 per cent. of gas. 
The flames of colza oil, mineral colza oil, light petroleum spirit and 
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= alcohol were each used for the detection of inflammable gas in mines, and 
r. each was found to be unreliable. The alcohol flame was superior to the 
others in some respects, but it was not until the flame of hydrogen was 

ysed that delicate and accurate determinations could be made. 
apour Modern examples of electric inflammable gas detectors are the Burrell, 
thods MeLuckie, Martienssen, U.C.C. and M.S.A. In the cases of the first two 
rence. mentioned, the principle of reduction in volume of a gas due to the com- 
been bustion of inflammable constituents on a heated platinum wire is used. 
losive These detectors are calibrated for particular gases, so that the reduction 
in volume is indicated as a percentage of the inflammable gas, and they 
leum record up to a maximum which is approximately the lower explosive limit 
re of of the gas concerned. The principle on which these detectors work is a 
nsity sound one and, provided alterations in volume due to temperature varia- 
1 was tions are avoided, the results given are accurate. The possibility of 
nable obtaining erroneous results, owing to temperature changes caused by the 
nanv heat of the glowing wire, causes some delay in obtaining results, but, unless 
intly the necessary time is given for equilibrium to be established, correct read- 
} ings will not be given by the apparatus. It is claimed, in the case of the 
ciple McLuckie tester, that six determinations can be made in thirty minutes. 
‘dro- The operation of this apparatus is quite simple, and consists of the aspira- 
und tion of a sample of the air to be tested by means of a rubber bulb, and the 


high movement of a handle into three positions. The percentage of vapour 
is read off from the calibrated scale of a U-tube gauge. Where the per- 


dis. 
ded centage of inflammable gas exceeds 1-2 per cent., the sample must be 
diluted with pure air before it is passed into the apparatus. 
dine The indication of the presence of inflammable gas in the case of the 
> Martienssen apparatus is the brightness caused by the combustion of the 
ures gas on an electrically heated platinum wire, which is coated with palladium 
s in salts. It has been found that this detector gives good results above about 
0-6 per cent. of methane, and that the filament has a good length of life. 
nge The principle of the U.C.C. and M.S.A. detectors is that the combustion 
nce of inflammable gases on a heated platinum wire causes an increase in the 
nge resistance of the wire to the passage of an electric current. In the U.C.C. 
A apparatus the filament is a part of a Wheatstone bridge circuit, and the 
ulb unbalancing of the circuit, when inflammable gas is passed over the heated 
ter. filament, causes a hand to move over a calibrated dial, which is graduated 
in percentages of inflammable gas. Careful observations of zero error 
the need to be made from time to time with this apparatus, and the filament 
the of the detector needs to be replaced at intervals, as its resistance increases 


ble with age. This apparatus is suitable for detecting proportions of inflam- 
mable gas which are well below the lower explosition limit. 


yas 

pe. The M.S.A. detector contains two filaments in a balanced circuit, one 
ht- being in the path of the atmosphere to be tested, and the other remaining 
ler in a compartment of fresh air. The presence of inflammable vapour 


causes a rise in the temperature of the heated detector filament, and a 
lee consequent increase in the resistance of the filament. The disturbance of 
led the balance thus produced is recorded on a dial, which is calibrated in parts 
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of the lower explosive limit. In this apparatus the zero must be checked 
at intervals, and provision is made for this purpose. In the case of this 
apparatus also, when the proportion of inflammable gas is above the lower 
explosive limit, the atmosphere must be diluted with fresh air. Provision 
for this is made in the outfit supplied. A new pattern of this detector 
weighs only 3 lb. 

Electrical detectors of the kinds briefly described should be operated by 
persons who are well acquainted with electrical circuits of the types used, 
Careful checking of zero positions must be carried out frequently, possibly 
before each test, and the voltage of the batteries used must be maintained 
for accurate working of the apparatus. In common with all electrical 
apparatus of this kind, care must be taken that all electrical contacts are 
kept tight and clean, and filaments must be kept under observation to 
avoid poisoning by gases or burning out. 

The hydrogen flame detecting lamp has been in constant use since it was 
introduced in 1894. The researches of Clowes and Redwood showed that 
the hydrogen flame was particularly suited to the detection of inflammable 
vapour. In the Redwood apparatus hydrogen is burned at a small jet, 
which is contained in a special form of lamp, into which the gas to be tested 
can be passed. The effect of inflammable vapour is to create a flame-cap 
above the hydrogen flame. The flame-cap varies in size according to the 
proportion of inflammable gas in the air which is being tested, and also 
increases in size with an increase in the height of the hydrogen flame, 
The recommended height of the hydrogen flame to be used for testing is 
10mm. Such a flame gives a flame-cap 17 mm. high when an air—pentane 
mixture containing 0-05 per cent. of pentane is passed into it. The test 
is therefore very sensitive, and there is no zero factor to be considered. 

The complete apparatus for the hydrogen flame test consists of a specially 
designed lamp, a gas-collecting cylinder and pump, a cylinder of hydrogen 
and the necessary connecting tubes and fittings. In the standard pattern 
of the apparatus the collecting cylinder holds one-third cubic foot of gas, 
when filled to its working pressure of 30 lb. per square inch. It is therefore 
adapted for taking much larger samples of air than electrical types of 
apparatus, and this is a distinct advantage when sampling the atmosphere 
of tank steamers, where, owing to the framing in the bottoms of the tanks, 
pockets of vapour are liable to collect. Samples can be taken either by 
descending to the bottom of the tank, or by means of a flexible tubing 
reaching to the bottom. The examination of the samples thus obtained 
cannot be made in the tank in which the samples are taken, but the time 
taken for each test is only a few seconds, and there is no waiting period for 
establishment of equilibrium. This is important on a tank vessel, where 
there may be twenty or thirty compartments to be examined. When 
making « test, the sample vessel is connected by a screwed union to a 
copper tube, which is in turn connected to the testing-lamp, the valve is 
opened, and the effect is observed of the atmosphere thus released on the 
hydrogen flame which is burning in the lamp. 

A more portable form of this apparatus is shown in Fig. 1. The principle 
of the unit is the same as that of the older pattern, but there are several 
improvements in design. The lamp is fitted with a viewing eyepiece, 
which obviates the need for a dark cloth in order to see the pale coloured 
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MODIFIED REDWOOD VAPOUR DETECTION APPARATUS. 
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inflammable gas flame. The observation of the flame is rendered clearer 
by this modification. The collecting pump holds 2 litres, and is designed 

«o that the interior of the cylinder, and the inlet and outlet valves, can all 
be cleaned in a few moments. The inlet of the sampling pump is at the 
hottom, so that bottom samples can be taken without the use of flexible 
tubing. Provision is made for the use of flexible tubing in cases where 
samples must be taken at a distance from the pump. In this form of the 
hydrogen flame apparatus the whole assembly is mounted in a light metal 
casting, so that there is no assembling of parts to be made when the appara- 
tus is required for use. A smaller hydrogen cylinder is used than in the 
original form of apparatus, and this maintains the burning of the flame 
necessary for testing for about 3 hours, and enables very many tests to be 
carried out with one filling of the cylinder. 

A flame apparatus cannot be used in a tank which is being examined. 
Each sample to be tested must be taken to a suitable room in which the 
apparatus can be set up. At the same time it has several advantages 
over electrical apparatus for work on oil tanks. There is no zero correction 
to be made, no battery to run down and cause erroneous indications, no 
filament to become poisoned or burnt out, no loose contacts which can 
upset results, and no possibility of error due to temperature alterations. 
Results can be obtained immediately samples are available, and the 
capacity of the collecting cylinder is sufficient to enable the atmosphere of a 
tank to be sampled at several places, thus resulting in a saving of time, 
without loss of accuracy. The examination of samples with a high pro- 
portion of inflammable gas does not interfere with the working of the 
apparatus. 

The choice of apparatus for the detection of inflammable vapour may be 
one of personal convenience or preference, but, whatever apparatus is 
used, no examination is complete if it consists only of tests made on samples 
of the atmosphere of a tank. The examination of the condition of a tank, 
and its surroundings, is of vital importance. The matter is mentioned 
previously in this paper, and it cannot be insisted upon too strongly that 
examination for potential sources of the production of inflammable gas or 
liquid constitutes a responsibility of at least equal importance to the taking 
and testing of samples of air. 

In making tests for inflammable vapour in oil tanks too much considera- 
tion must not be given to the actual proportion of inflammable vapour 
recorded by a detecting apparatus. Figures are deceptive in that, if there 
is inflammable gas present at all, there is always the possibility of the 
presence in some parts of the atmosphere of a tank of pockets of such gas 
in dangerous proportions. In addition, a proportion of inflammable gas 
much lower than that required for the lower explosive limit will cause 
illness to men who have to spend much time in that atmosphere. It has 
been found by experiment that 30 minutes’ exposure of men, in an atmo- 
sphere containing 0-3 per cent. of pentane vapour, caused intoxication. 
The amount of inflammable gas which can be breathed without ill effect 
varies with different people, and the only safe plan is to remove completely 
such vapours, and potential sources of such vapours. 
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FLUE-GAS PROTECTION FOR SHIPS’ TANKS. 
It v 
, 4 : * — 
By O. W. Joxnnson, Ph.D. ships 
: will re 
SYNOPSIS. such ¢ 
Because of the large investment and concentration of risk, tankers engaged which 
in carrying volatile petroleum products offer an extra hazard from explosion “ig 
and fire, and special precautions have been taken to protect them from these limit — 
hazards. The manner of formation of explosive mixtures in ships’ tanks is explos 
reviewed, and it is shown that most of the danger from explosion can be cussio! 
avoided by excluding air from the tanks, supplying in its stead an oxygen. ith . 
lean flue gas, to take the place of the oil when cargo is discharged. wit un 
The equipment which makes up a complete flue-gas system, and the as will 
manner of operation, are briefly described. It v 
Experience has shown that the revised operating routine required on a to» lie 
flue-gas-equipped ship is easily acquired, and that operators are in general air Nes 
appreciative of the greater ease of handling and improved conditions. The upper 
pressure made available is a distinct aid to getting suction on ships’ cargo and bi 
pumps, and is a virtual necessity when handling casing-head gasoline cargoes " 
having high vapour pressure. as the 
It is pointed out that without some special equipment the presence of the lo 
explosive mixtures in ships’ tanks at certain times is the rule rather than more | 
the exception, and that it appears unwise to place the full burden of avoiding 
accident on the enforcement of safety rules, particularly since some sources but, ¥ 
of ignition may be beyond the control of operators. The use of flue gas Whe 
offers a means of providing additional safety. In view of the important a vola 
operating advantages and the general improvement of conditions, the : 
expense of a flue-gas system is believed to be warranted. It too 
tank ¢ 
A MODERN tank vessel is the home and working place of a crew of thirty with t 
or more men, and represents an investment of some $2,000,000. When evapo 
used for carrying volatile oils, an extra hazard is involved, in that the from t 
ships’ tanks contain explosive mixtures at certain stages of the operating, tank i 
and, during loading, vapours which are combustible, or even explosive, usual 
are ordinarily forced out of the tanks in close proximity to men at work. the lo 
Since the lives of the crew and the whole of the large material investment is witl 


may be jeopardized by explosion or fire, it is only natural that special rich te 
attention should have been paid to the protection of tankers from these vectiol 
hazards. Efforts in this direction have ordinarily included attempts to that | 


prevent ignition by enforcing rigid operating routine and safe practices, pletely 
the furnishing of devices and equipment for fighting fire once it has started, assum: 
and, more recently, by providing special equipment both to prevent the tank : 
formation of explosive mixtures within the tanks and to discharge the carriec 
combustible vapours expelled from the tanks at a place remote from vapou! 
possible sources of ignition. part it 

The use of flue gas as a means of excluding air from ships’ tanks, thus stance 
preventing the formation of explosive mixtures, was first started about space : 
ten years ago. As yet this method has not been widely adopted, although where 
its use has been quite successful in certain instances. The following dis- within 
cussion reviews briefly the conditions which prevail in ships’ tanks, the much | 
way in which the use of flue gas reduces the operating hazard, the equip- Whe 
ment employed, and some of the factors to be taken into account in space 
considering the use of this specialized equipment. this v: 

——_—— ——————— - a - the de 


* Engineering Department, Standard Oil Co. of California. dhage 
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CONDITIONS WITHIN Suips’ Tanks HanpLING VOLATILE OILs. 


It will be necessary to review briefly the conditions which prevail in 
ships’ tanks during the various stages of handling cargo. The discussion 
will refer particularly to oils having a relatively high vapour pressure, 
such as crude oils, gasolines, casing-head gasoline and similar products, 
which form, in equilibrium with air, mixtures which are above the upper 
limit of explosibility. Oils having a vapour pressure so low that no 
explosive mixture can be formed are of no interest in the present dis- 
cussion. The few oils which normally produce equilibrium mixtures 
within the explosive range are dangerous at a different stage in the handling, 
as will be pointed out later. 

It will be recalled that the explosive range for petroleum vapours in 
air lies between the lower limit of about 1} per cent. by volume and the 
upper limit of around 6 per cent. Mixtures within this range will ignite 
and burn with explosive violence, the energy of the explosion decreasing 
as the limits are approached. Mixtures containing less combustible than 
the lower limit concentration cannot be ignited. A mixture containing 
more combustible than the upper limit concentration cannot be ignited, 
but, when exposed to the air, will quickly be diluted so that it will burn. 

When a tank has been allowed to stand for some time while filled with 

a volatile oil, the space above the oil will contain enough vapour to make 
it too rich to explode. If the oil cargo is discharged, air will enter the 
tank as the oil is pumped out. Although this air will immediately mix 
with the saturated vapour already present, and although some additional 
evaporation will begin to take place, both from the liquid surface and 
from the oil-wetted interior of the tank, the rate of pumping out a ship’s 
tank is usually quite rapid, and at the completion of the process it is 
usual to find the upper two-thirds of the tank filled with a mixture below 
the lower limit concentration. Below this mixture will lie a layer which 
is within the explosive range, and below this a further layer, which is too 
rich to explode. During the ensuing twenty-four hours diffusion and con- 
vection will take place, to largely overcome the initial stratification, so 
that by the end of this time the tank will probably be found com- 
pletely filled with a mixture which is within the explosive range. This 
assumes, of course, that no appreciable quantity of oil was left in the 
tank after emptying, as will usually be the case unless cargo is being 
carried on to another port. Actually, the effect of residual oil in enriching 
vapour space after pumping out has been completed plays an important 
part in rendering the tank atmosphere explosive, but in ordinary circum- 
stances there will not be enough liquid present to bring the whole vapour 
space above the explosive range. This situation wil! not, however, prevail 
where casing-head gasoline has been carried. In this instance the mixture 
within the tank after equilibrium has been established is likely to be 
much too rich to explode. 

When a tank is subsequently refilled, the mixture within the vapour 
space is, of course, expelled. In the absence of some special provision, 
this vapour will be discharged from the vessel’s hatchway directly on to 
the deck. During the latter part of the filling operation, when evaporation 
from the rising oil surface has had a chance to enrich the mixture, the 
HH 
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vapours discharged may be too rich to explode. This latter condition 
will also prevail during most or all the time a casing-head cargo is being 
loaded. 

It is seen that during about half the operating cycle—i.e., during the 
return voyage empty and a portion of the filling—the tank is likely to 
contain an explosive mixture, and that during the filling process explosive 
mixtures, or mixtures which become ignitable on contact with the air, 
are expelled from the tank. (In the special case of oils which produce ap 
explosive mixture in equilibrium with the liquid, the explosive condition 
will prevail when the tank is full.) The flue-gas system has as its object 
the elimination or control of these hazards. 


DiiuTIon oF ExpLostveE MIxTURES wiTH INERT Gas. 


The inflammability of mixed gases is a subject which has attracted 
the attention of many workers. Coward and Jones (U.S. Dept. of Com. 
merce, Bureau of Mines, Bulletin 279) have summarized the work in this 
field up to about 1930, and present data on the more common combustibles 
when mixed with air and other gases. Jones and Kennedy (Ind. d- Eng. 
Chem., 1935, Vol. 27, p. 1344) have extended the available data, and 
show that for the average hydrocarbon vapours such as are produced 
from petroleum no explosive mixtures can be formed if the final oxygen 
content of the mixture is kept below about 11-9 per cent. 

The significance of this situation can be explained as follows. Suppose 
that for a representative combustible, such as butane vapour, the limits 
of combustibility are obtained, first when mixed with air, and then when 
mixed with successive atmospheres which contain progressively less 
oxygen than pure air. It will be observed that as the oxygen content of 
the atmosphere is decreased, the lower limit (where oxygen is in excess) 
will be inappreciably affected, but that the explosive range is narrowed 
by lowering the upper limit, until when an oxygen concentration of about 
12 per cent. is reached the two limits coincide, and it will no longer be 
possible to produce an explosive mixture. 

Application of this principle of preventing the formation of explosive 
mixtures has been made in a few technical processes, such as, for example, 
the grinding of combustible materials in an atmosphere of nitrogen, the 
addition of carbon tetrachloride to petroleum to produce a cleaning solvent 
which will not form an explosive mixture, etc. The use of flue gas in 
ships’ tanks is an application of this same principle on a much larger 
scale. Basically, this consists simply of supplying flue gas, containing 
not more than 10 per cent. of oxygen, to the tanks in the place of air 
when the cargo is pumped out. This provides a satisfactory margin of 
safety in preventing the formation of explosive mixtures in the tanks. 


FLUE-GAS SYSTEMS. 


Methods of applying flue gas to reduce fire hazard in tanks and other 
refinery equipment, and on diesel-driven tankers, have been reviewed by 
Pew (American Petroleum Institute, Eleventh Annual Meeting, Nov. 1930, 
Group Session on Refinery Engineering), who describes a special flue-gas 
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JOHNSON : 


enerator for use where ships’ boilers are not available as a source of flue 
gas. Hall (American Petroleum Institute, Eleventh Annual Meeting, Nov. 
1930, Group Session on Refinery Engineering) has described in detail the 
equipment employed on the steam-driven tankers of the Standard Oil 
Company of California fleet. Minor changes made in this equipment 
during the past several years are incorporated in the following summary 
of the principal components of the system. 

Source of Flue Gas.—The gas is taken from the breeching of one of the 
ship's boilers, the connection being made below the air heaters, to avoid 
the possibility of contamination by air leakage. Care is exercised to 
have fires burning in all furnaces in the boiler from which the gas is being 
obtained. Connections to more than one boiler are avoided because the 
valves required to block off the boiler not being used give trouble in this 
severe service. 

Washer.—The flue gas is cooled and washed with salt water in a bubble 
plate-washer having three plates. The washer is designed to operate 
under pressure, and the wash-water overflow is provided with a liquid 
seal to prevent loss of pressure. In the early design, corrosion presented 
something of a problem, which has been partly solved by using galvanized 
cast-iron parts. 

Blower —A steam-jet injector is used to draw the flue gas from the 
stack and force it through the washer and distributing piping to the tanks. 
Centrifugal or displacement blowers have been found to be subject to 
clogging with soot and other troubles which make them unsatisfactory. 
Injectors have the advantage of low first cost and negligible maintenance. 
The steam consumption is comparatively high, however, and where ships’ 
boilers are fed with distilled water, this may prove to be a real objection, 
for which no satisfactory solution has yet been found. 

Distributing Piping—The flue gas is conducted from the washer to 
the tanks through a system of piping, consisting of a header running the 
length of the ship, with branches to each tank. Tank branches leave 
the main at the top, and are carried vertically a short distance to furnish 
a trap to prevent liquid which might collect in the header from reaching 
the tanks. The header is provided with drains at low points. The tank 
branches are made of adequate size to carry away the gases discharged 
when loading at the high rates encountered at modern marine terminals, 
without exceeding about 2 Ib. pressure on the tanks. A pressure relief 
valve may be installed on the header. 

Tank Relief Valves.—In the early systems each tank connection was 
provided with a block valve, and individual tanks were equipped with 
emergency pressure relief valves of conventional design. In the newer 
systems a special combination tank relief and shut-off valve has been 
provided. This is set to hold about 3 lb. pressure on the tank before 
opening to discharge into the flue-gas line, which thus serves as a vapour- 
collecting system. The suction valve is set to draw in air at a vacuum 
of 3 ins. of water. The pressure valve is provided with a lever so that 
the valve may be held open to permit flow of flue gas from the header 
into the tank. These valves are ordinarily located adjacent to the main 
header in the risers which lead to each tank, and are accessible for operation 
from the fore-and-aft bridge. 
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Tank Emergency Relief —To protect the tanks against excess pressure, 
the ullage plugs are weighted so as to lift when the tank pressure exceeds 
a given value, usually slightly higher than that for which the tank relief 
valves are set. The pins in the plugs are removed before loading is started, 

Mast Vent.—Vent lines for safe disposal of gases discharged from the 
tanks terminate at an elevation well above the deck on one or more of 
the forward masts. Although it has been required by statute in some 
instances that flame arresters be installed at the top of the mast Vents, 
this requirement is illogical, and the disadvantages far outweigh any 
questionable advantage which might be obtained. There is no regulation 
requiring flame arresters on tanks which discharge vapours on deck, and 
it appears illogical to require an arrester when the gas is discharged in g 
relatively much safer place. With the use of flue gas the mixture will 
be incapable of transmitting flame back into the vapour line, even if it 
should by some means become ignited. Flame arresters are liable to 
clogging by freezing of condensed moisture, and may thus interfere with 
the operation of the flue-gas system and prove a source of danger rather 
than an aid to safety. 

Tank Gauges.—Some method for gauging the tanks without opening 
them is, of course, necessary in connection with a flue-gas system, and 
the enclosed float gauges as originally supplied are still found to be the 
best solution, although numerous other combinations involving floats, 
look glasses, etc., have been tried. These automatic gauges consist of a 
float riding on guide wires, and connected with a steel tape and counter 
weight. The tape passes over a sheave located in a housing attached 
to the deck, and is visible through a sight glass equipped with a wiper. 
They have been found to be reliable, and are well liked by all operators. 
Mechanical ruggedness has been continually improved. 

Safety Devices.—As safeguards for the operation of the system, a few 
special devices have been incorporated. An automatic valve, which opens 
only when the steam pressure is turned on the injectors, provides a block 
to prevent gases from the tanks being forced back through the washer 
to the boiler-stack, and has proved very reliable. Excess pressure alarms 
are usually provided, consisting of a mercury manometer connected to 
the main flue-gas header, with electric contacts to sound an alarm when 
the pressure exceeds a safe value. In a late installation pressure taps are 
brought from each tank to a central location, where a manifold system 
permits reading the pressure in any tank as well as in the main header. 

Operation.—Mechanical operation of the flue-gas systems has not proved 
difficult. The routine involved in loading and discharging with the aid 
of the automatic gauges is easy to learn, and the operators appreciate the 
advantages of being able to gauge tanks during filling without having a 
blast of rich vapours discharged in their faces. It is much easier to keep 
track of the oil level with the automatic gauges, and loading at high rates 
can safely be continued until the filling of the last tank is nearly completed. 

While discharging, the pound or two extra pressure on the tanks which 
is incidental to the use of the flue-gas system provides an additional head 
on the pumps, amounting to as much as 7 ft. where casing-head gasoline 
is being handled, and this has made it possible to pump out the last por- 
tions of cargoes so volatile as to make discharging otherwise impossible 
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without recourse to blending or other unsatisfactory means. It is thus 
feasible to carry casing-head cargoes having 2-4 lb. higher Reid Vapour 
Pressure than could otherwise be economically handled. Operators 
customarily refer to this feature as an advantage of the use of flue gas, 
although it is apparent that the application of pressure to the tanks would 
not necessarily involve flue gas. While the installation of equipment to 
supply pressure as an aid to unloading could scarcely be justified on these 
unds alone, it becomes an important additional argument for the 
installation of flue-gas systems. 

One difficulty which develops in supervising the operation of flue-gas- 
equipped vessels is the difficulty of readily determining, by test of 
the mixture within the tanks, whether the desired protection is actually 
being achieved. Except for direct trial for explosibility, which yields 
either a positive or a negative result without telling anything about the 
margin of safety, there is no simple means for determining whether or 
not a given vapour—flue-gas mixture is dangerous. The relationship 
between combustible content, oxygen content, and explosibility is quite 
complicated, and the status of any mixture can be definitely ascertained 
only by chemical analysis. Safety from explosion can be determined 
by analysing for oxygen alone, since it is established that any mixture 
containing less than about 12 per cent. of oxygen cannot be explosive 
irrespective of the other constituents present. Oxygen analysis is, how- 
ever, not sufficiently simple to make it feasible to rely on the ships’ per- 
sonnel for making tests. The oxygen content of flue gas can be inferred 
from the carbon dioxide content (if the character of the fuel is known), 
and this proves the most satisfactory means of checking the quality of 
flue gas supplied to the tank. It is inapplicable to sampies withdrawn 
from a tank, because the hydrocarbon vapours present (sometimes in 
large amount) will reduce the carbon-dioxide percentage, and thus give 
an erroneous idea of the oxygen present. 

Because of these difficulties in actually determining the exact status 
of mixtures within the tanks, it has become the practice to rely mainly 
on good operating routine to ensure a supply of flue gas of suitable quality. 
There is actually a wide margin of safety, and if any reasonable care is 
exercised in the control of boiler fires, and if there are no appreciable air 
leaks between the fires and the point of flue-gas intake, there will be little 
danger of not obtaining a flue gas sufficiently low in oxygen to provide 
entire safety. 

The discussion has so far been confined to the use of the flue-gas system 
in ordinary routine handling of cargo. The flue-gas system may, how- 
ever, also have an important use in connection with tank cleaning. One 
of the essential steps in tank cleaning is to displace all combustible vapours. 
If the flue-gas system has been operated, the tank will contain, at the 

completion of the pumping-out period, a mixture which is non-explosive, 
because oxygen has been largely excluded. If such a tank is ventilated 
in the ordinary manner, using windsails or other means of introducing 
air, the oxygen content of the mixture will be built up at the same time 
that the combustible is diluted, and the tank may become explosive. 
This situation can be avoided if in the initial stages of ventilation the 
vapours are displaced with flue gas. Pew (A.P.I. Eleventh Annual Meeting, 
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Group Session on Refinery Engineering) has described the application of 
this process to tanks of all types, and has indicated that about 9 
tank volumes of flue gas are required to completely displace combustible 
vapours. This presupposes, of course, that the points of injection of the 
flue gas and removal of the vapours are sufficiently remote so that a good 
sweeping action is obtained. In a ship’s tank this action can be obtained 
either by blowing flue gas in through the main gas connection, and dis. 
charging through sounding-wells, as described by Pew, or by blowing 
the flue gas into the tank through the cargo lines by means of a special 
cross connection, discharging the vapours through the deck piping and 
mast vent as when loading. In either event, at the end of the purging 
period the tank will be comparatively free from combustible gas, but will 
contain practically pure flue gas, so that there will not be enough oxygen 
to sustain life. It will consequently be necessary to follow the fiue-gas 
purging by ventilation with air in the customary manner, in order to 
make it possible for men to enter the tank to perform cleaning operations, 
The use of flue gas for purging tanks has not been widely followed 
even on ships which are already equipped with flue-gas systems. ‘This is 
partly the result of a fear that failure to completely remove the flue gas 
might introduce a hazard to personnel, and partly because mechanical 
tank-washing devices are coming into extensive use. With the mechanical 
system it is the practice to fasten some sort of oscillating or rotating 
nozzle to the tank top through a hole in the deck, and to wash the entire 
interior of the tank with high-pressure streams of hot water. This nozzle 
is ordinarily fastened in place immediately after the tank has been stripped 
and while the tank still contains a mixture rendered non-explosive by the 
presence of flue gas. When the hot-water stream is started, the whole 
of the tank interior is heated and a considerable amount of vapour is 
expelled. At the end of the washing process natural ventilation through 
an open tank top is ordinarily so rapid that even though explosive mixtures 
are formed in the tank, the duration of the explosive period is quite short. 
One other method of tank ventilation, often used on flue-gas-equipped 
ships, is to instal some sort of steam-operated ejector, connected to the 
cargo piping in such a way that tank vapours may be withdrawn from 
the tank through the tank suction and discharged to the air. This system 
has the advantage of making the ventilation positive and independent of 
weather conditions, as well as avoiding the hazard incidental to having 
men work around the open tank hatches while rigging windsails. With 
this arrangement it is, of course, possible to supply flue gas during the 
first portion of the ventilating process, and fresh air through open ullage 
holes during the latter portion, to displace the flue gas. Experience has 
shown that one hour’s ventilation with air in this manner will serve to com- 
pletely rid a tank of combustible gases, making it safe for men to enter, 
as indicated by tests made with the portable combustible gas indicator. 
If flue gas is used during the first stage of ventilation, the process would 
probably be prolonged by } or }? hour, but would be carried out without 
having an explosive mixture form in the tank at any time. This method 
is, of course, ideal, and it is hoped that it will be soon possible to follow 
it in all cases on flue-gas-equipped ships. With ventilation first with 
flue gas, and then with air, using ejectors as above described, the cleaning 
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rocess is made entirely independent of weather, and may easily be carried 
out at sea. By using the portable combustible gas indicator to make the 
gnal check on the tank condition, it is readily possible for a ship to come 
into port from an empty return voyage entirely gas free and ready for 
tank cleaning or repairs. 


Discussion. 


It has been shown that it is theoretically possible, and entirely practical, 
to definitely protect the tanks of a tanker at all times against the presence 
of explosive mixtures. In actual use, results may fall slightly short of 
the ideal, in that explosive mixtures may sometimes occur for short periods 
during tank ventilation; but this is the result of failure to fully utilize 
the equipment, rather than a defect in the principle involved. 

The whole question of how far it is necessary to go in providing accessory 
equipment to promote safety is rather involved, and has been discussed 
from all angles for many years. In 1930 an American executive stated, 
“We feel that there is danger of over-stressing mechanical devices for the 
prevention of explosions, and of ignoring the fact that careful handling 
of marine equipment will go a very long way in reducing such hazards. 
In our opinion, there is no substitute for careful and conscientious atten- 
tion to safety rules; and when these are followed the danger of fire or 
explosion is slight.” 

While there is much to be said for the above reasoning, it does not appear 
that it should be carried too far. Conscientious compliance with safety 
rules will unquestionably go a long way toward reducing the danger of 
fire, but there are always unforeseen circumstances which cannot be 
guarded against, and the likelihood of human error also cannot be wholly 
ignored. In many instances an accident will result only from the coin- 
cidence of two unlikely events. For example, the dropping of a tool by 
a workman would not ordinarily be considered an accident unless, by 
coincidence, there should be someone beneath in position to be struck by 
it. In a situation of this kind anything which reduces either the likeli- 
hood of the tool being dropped, or the chance of anyone being in position 
to be struck, will decrease the chance of accident, and if both variables 
can be simultaneously controlled, the chance of accident can be greatly 
decreased. 

In the operation of tank vessels carrying volatile oils the presence of 
explosive mixtures in the tanks at certain times is the rule rather than 
the exception. Hence it requires only one unlikely event—.e., the presence 
of a source of ignition—to produce a disastrous result. It would seem 
reasonable to conclude that where a mechanical device will increase safety 
without also tending to disrupt the ordinary routine of safe practice or 
otherwise increase the likelihood of human error, its use should be con- 
sidered an additional safeguard, to be judged on its own merits. The 
possibility of human error cannot be reduced to zero, so that anything 
which will tend to ensure that the results of error will not necessarily 
involve an accident must surely be felt worthy of consideration. 

Although ships’ tanks are ordinarily considered to be safe from ignition 
when closed, irrespective of what sort of mixture is within the tank, it 
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should be noted that even a closed tank is not quite immune from danger 
Static electricity, collision or grounding, incendiarism or acts of a public 
enemy might serve to introduce a source of ignition into a closed tank 
and a system of operation which ensures that such an occurrence woul 
not result in an internal explosion must be considered to be worthy of 
serious consideration. 

While it is possible to obtain the advantages of safe disposal of vapours 
during loading by providing a vapour-disposal system, as described by 
Musser (Marine Engineering, Vol. 37, 1932, p. 119) without the use of 
flue gas, the cost of the piping and gauges represents a fairly large pro. 
portion of the cost of a complete flue-gas system, so that it has not seemed 
warranted to go only part way where flue gas is available. On motor. 
ships, where electric pumps are used for handling cargo, no flue gas js 
ordinarily available, and in such cases a simple collecting system has 
been installed, along with mast vents and automatic gauges, to provide 
the partial protection obtained by loading with tank tops closed. A 
special flue-gas generator can, of course, be provided if desired. 

A flue-gas system involves a considerable investment and some addi. 
tional complication in ships’ operating routine, and it is evident that the 
advantages of its installation must be very carefully weighed. The 
published data on the fire losses arising from the operation of tankers 
(as issued, for example, by the American Petroleum Institute) have 
revealed a steady decline during the past few years. On the basis of the 
latest figures, it might appear questionable whether any further invest. 
ments in promoting fire safety are justified. It must be remembered, how. 
ever, that these figures cover only a relatively short period, and that 
slight changes in operating conditions, or the occurrence of one or two 
extra fires in any one year, might greatly alter the loss ratio. It is believed 
that property loss is not a wholly satisfactory basis on which to judge the 
desirability of improving existing conditions on a tank vessel, since the 
danger to personnel represents a hazard which can scarcely be evaluated 
in terms of money. 

Experience has not indicated that the installation of flue-gas systems 
has resulted in any decrease in the general care exercised in operation, 
or in relaxing safety rules. On the contrary, the fact that a large invest- 
ment has been made in equipment to improve safety has served to em- 
phasize the importance attached to fire prevention. Men used to the new 
order seem to take pride in operating equipment which they consider 
safer and better, and it is believed that the overall advantages of the 
system has warranted the considerable cost involved. 


Grateful acknowledgment is made to Standard Oil Company of Cali- 
fornia for permission to present the above discussion. 
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AN AUTOMATIC RECORDER FOR 
INFLAMMABLE GASES. 


By H. Lioyp, M.Eng., Ph.D., A.M.I.E.E.* 


IxpUSTRIAL development during recent years has brought about a 
large increase in the production, storage and handling of materials of an 
inflammable nature, and particularly substances such as liquid fuels, 
solvents and many synthetic products, which give off inflammable vapours. 
The large-scale use of such materials, coupled with the steadily increasing 
amount of mechanization in almost all industries and factories, has brought 
about many changes in the conditions under which manufacturing processes 
are carried out. Precautionary measures have had to be developed to 
a degree hitherto either unnecessary or unrecognized, with the object of 
maintaining the safety of personnel and plant against dangers introduced 
by these causes or intensified by increased productive capacity and by the 
substitution of machines for hand-labour.. One of the most serious hazards 
which have had to be met in industries where quantities of inflammable 
materials are handled is that of fire and explosion, and in no industry has 
this received greater attention than in coal-mining. Here the work is 
carried on under artificial lighting conditions, with a variety of machines, 
inan atmosphere which may from time to time become inflammable, owing 
to sudden outbursts of methane. 

Protective measures against risks of fire and explosion, not only in coal 
mines but also elsewhere, may take the form of special ventilation to 
prevent the accumulation of a sufficient concentration of inflammable gas 
to be a source of danger, or, on the other hand, steps may be taken to 
eliminate any possibility of the occurrence of exposed flames or sparks 
which could ignite any inflammable mixture in the atmosphere. Whilst 
either of these methods is, in principle, capable of giving immunity from 
danger, it is generally the case that where it is deemed necessary to put 
into practice one of these methods, the other method is at the same time 
applied as a second line of defence. 

The present paper describes the principles and design of an instrument 
which may be used in connection with either or both of these safety measures, 
and goes on to suggest some of the ways in which it might be applied in 
fields other than that for which it was originally developed. 

Several years ago the Safety in Mines Research Board was asked to try 
to produce an instrument, suitable for use in researches carried out in coal 
mines, which would record continuously and automatically the percentage 
of firedamp in the air in its neighbourhood. An ability to give indications 
down to as low as about 0-1 per cent., with a range extending up to 3 per 
cent., were among the requirements which had to be fulfilled. Of the many 
possible methods which were studied, some of which were tried experi- 
mentally, the only ones which seemed likely to be of practical value were 
those depending on the combustion of the methane. It is on this principle 


* Safety in Mines Research Board Laboratories, Sheffield, 
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that the S.M.R.B. Firedamp Recorder works, and it is for this reason 
that it is capable of being applied also to the recording of other inflammable 
gases or vapours. 

The principle of the combustion method of estimation, as applied to 
firedamp, is briefly as follows: If a sample of air containing methane js 
taken, and the methane in the sample is burnt, there is a contraction in 
volume of the sample. In the case of methane, the percentage contraction 
is equal to twice the percentage of gas originally present, provided that the 
combustion is complete. Thus, if the sample contained 1 per cent. of 
methane, the contraction after burning would amount to 2 per cent, 













































































Fra. 1. 


Applied to hydrocarbon gases in general, the contraction depends on the 
number of hydrogen atoms in the molecule, the percentage contraction, 


if m is the number of hydrogen atoms, being | } +. 7 





times the percentage 


of gas in the sample. For instance, in the case of pentane there are 12 
atoms of hydrogen in the molecule, and the percentage contraction is 
l 


12 : 
a = 4 times the percentage of pentane present. In our recorder 








the sample is maintained at constant volume, so that, instead of the con- 
traction in volume, there is a corresponding pressure change. In the 
case of methane the changes are large enough, after allowing for the dead 
volume of the aneroid cell and of connecting tubes, to operate a sufficiently 
robust barograph with concentrations as low as 0-1 per cent. 

The Firedamp Recorder carries out the processes of sampling, burning 
and measuring automatically, the power being derived from a small 
electric motor or compressed-air turbine. Fig. 1 shows diagrammatically 
the cycle of operations. A pipe-line is led from the point at which the air 
is to be sampled, and connected to the intake side of the pump, P, which 
is running continuously. The delivery side of the pump connects to the 
sampling-chamber, through a mechanically operated inlet valve. The 
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chamber is also provided with two other ports, closed with valves similar 
to the first mentioned, one of these being an exhaust valve, leading to 
atmosphere, and the other communicating by a narrow-bore tube to the 
aneroid cell of a barograph, A. The chamber consists of a thick-walled 
metal enclosure of about 15 c.c. capacity. Besides the three valve-con- 
trolled ports, it is provided with a screwed plug which conveys insulated 
leads to a helix of platinum wire supported within the chamber. This 
wire can be heated electrically to about 1000° C., the current being con- 
trolled by a contactor working in conjunction with the valve-gear. 

During the first stage of the eycle, (a) Fig. 1, the inlet and exhaust valves 
are open, and a quantity of the air to be tested is being passed through the 
chamber, sweeping out the waste gases remaining in it from the previous 
eycle, and filling it with a fresh charge. This requires about 100 c.c. of 
air, the ports being so disposed as to secure the most effective scavenging. 
The second stage, (6), shows the inlet valve closed and the other two valves 
open for a brief period to allow the contents of the chamber to recover 
from any slight adiabatic effects, and to assume atmospheric pressure. 
Stage three, (c), shows all the valves closed and the platinum wire heated 
to incandescence, causing any methane in the sample of air to be converted 
by combustion into carbon dioxide and water-vapour. During stage 
four, (d), the contents of the chamber are cooling, the thick metal walls 
of the chamber acting as a large heat-sink. In the final stage, (e), the 
valve communicating with the barograph is opened, and the resulting 
deflection of the pointer indicates the change in pressure, and therefore 
the percentage of methane which was in the sample. The deflection of 
the pointer is recorded on a continuously moving chart by a mechanically 
operated striker and an inked thread. The striking mechanism is arranged 
to come into operation twice during each cycle; once, as explained, in 
the final stage, and also at stage (6), when the pressure is atmospheric. 
Thus the succession of dots registered on the slowly moving chart presents 
a record in the form of two lines, one of which is the firedamp record, 
and the other a straight line, corresponding to atmospheric pressure, 
and forming a datum line from which the methane percentages are 
measured. 

The whole cycle occupies 6 minutes, of which 3} minutes are allotted to 
the cooling stage. The cooling process is not carried to completion, as 
this would take too long, but it is arranged that the contents of the chamber 
always start to cool from the same temperature. This is ensured by using 
a platinum wire taking a heavy current, in order to liberate so much heat 
within the chamber that the heat of combustion of the methane, although 
variable according to the percentage present, is negligible by comparison. 
Thus the cooling process is consistent, from cycle to cycle, and no in- 
accuracy is introduced from this cause. In cases where it is desired to 
record the gas content more frequently than every 6 minutes, additional 
chambers, with valves and contactors operated from the same cam- 
shaft, are provided. With the design adopted, up to six chambers are 
easily accommodated without complication, and all the parts are inter- 
changeable. It is, in fact, the practice to build these recorders with at 
least two chambers, the readings from them appearing successively on the 
chart. Agreement between them is then reasonable evidence that the 
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instrument is working correctly. An example of a two-chamber recorder 
is shown in Fig. 2. This instrument is used in the laboratories of the 
Mines Department Testing Station, for keeping a continuous check on the 
percentage of firedamp in the atmospheres in which mining apparatus js 
submitted to test. 

Although it has been usual to include the recording pen and chart drum 
within the instrument, this is by no means essential, as it is possible to 
transmit the readings of the aneroid and record them at any distance. The 
transmitting device is operated by the aneroid, and consists of a resistance 
strip connected across the same electrical supply as that used for the 
platinum wires, and fitted beneath the striker. When the pointer of the 
aneroid is pressed against this resistance strip at each descent of the striker, 
contact is made, and the voltage which is picked up is a measure of the 
aneroid deflection. The voltage impulses which thus occur each time the 
striker is depressed can be sent along pilot wires to a remote recorder, 
This latter instrument consists of a recording voltmeter movement, 
graduated in terms of methane percentage. A relay, actuated by the 
impulses received from the transmitter, releases a clockwork striker 
mechanism which causes a reading to be recorded on the chart of the remote 
recorder, which thus produces a chart which is a facsimile of the readings 
of the master instrument. 

Having described in outline the principle on which this instrument 
works, and the means by which the necessary operations are carried out 
automatically and continuously, mention may now be made of some of 
the modifications which are possible, to suit special requirements. The 
bare essentials of an instrument would consist of a pump, a combustion 
chamber with valve-gear, a recording aneroid and some form of motive 
power. Such an instrument could register the gas percentage every 
6 minutes. If, as is our practice, for reasons already mentioned, two 
combustion chambers are provided, gas percentages are recorded at 
intervals of 3 minutes. In cases where sampling is only required at longer 
time intervals, the recorder would be run intermittently, by means of a 
time-switch, which could be set to start and stop the apparatus just as 
required. In this way records of gas concentration could be obtained 
automatically at any prearranged times during manufacturing processes. 
On the other hand, to secure more frequent records, the number of chambers 
is increased. A four-chamber instrument records every 1} minutes, and 
a six-chamber every minute. The use of a number of chambers, all work- 
ing in succession from a common cam-shaft, makes it possible to combine 
on a single chart records of gas samples drawn from several different points. 
A distributing valve is arranged to feed each chamber in turn from the 
particular supply pipe allotted to it, and a multi-colour recorder provides 
for a series of lines of different colours, corresponding to the gas con- 
centrations at the various sampling points. It may not be possible to 
choose a location for the recorder which enables short supply-pipes to be 
used. To avoid the lag in the readings which long pipe-lines would intro- 
duce, separate instruments can be used, all connected to a remote recorder 
operated successively by the transmitters in the instruments, and register- 
ing in distinctive colours on the one chart. Alternatively long pipe- 
lines may be used without introducing lag, if auxiliary means are provided 








der 
the 
the 


8 is 


‘um 
> to 
lhe 
nce 
the 
the 
Ker, 
the 
the 
ler. 
pnt, 
the 
iker 
ote 
ings 


ent 
out 
> of 
The 
Lion 
tive 
ery 
two 
at 
iver 
fa 
tL as 
ined 
SES 
bers 
and 
yrk- 
bine 
nts. 
the 
ides 
-0n- 
s to 
) be 
tro- 
rder 
iter- 
i pe- 
ided 














[To face p. 438. 














for 
the 
F 
exc 
unn 
Ap 
close 
or p 
W 
remé 
othe 
the } 
the ] 
mixt 
of ab 
alarn 
than 
is tw 
to d 
suppe 
In: 
have 
Boar« 
staff ¢ 
on the 
under 
Lond 


Ack 


permi 














LLOYD: AN AUTOMATIC RECORDER FOR INFLAMMABLE GASES, 439 














for conveying the gas at a rapid rate along the pipes, to the point where 
the recorder takes them in. 

For use purely as an alarm, to give warning when the gas percentage 
exceeds a certain figure, the recording portion of the instrument is, of course, 
unnecessary, and the apparatus is correspondingly cheaper to produce. 
A pre-set contact, arranged in the same way as the transmitter unit, can 
close a circuit to operate warning devices, to switch on auxiliary ventilation 
or perform other duties. 

When making use of the instrument as a warning device, it should be 
remembered, in considering its relative sensitivity to hydrocarbon vapours 
other than methane, that it is not simply a question of the deflection of 
the pointer for a given percentage, but of the deflection corresponding to 
the percentage of gas present at the lower limit of inflammability of the 
mixture. Thus, in the case of pentane, with a lower limit of inflammability 
of about 14 per cent., as compared with about 5 per cent. for methane, an 
alarm would have to be set to give warning at a lower gas percentage 
than for methane. But the sensitivity of a given instrument to pentane 
is twice as great as its sensitivity to methane, so that its sensitivity 
to dangerous conditions is higher than might at first sight be 
supposed, 

In conclusion, it should be said that a number of these firedamp recorders 
have been built in the Sheffield workshops of the Safety in Mines Research 
Board, and have been in use over a period of several years by the Board’s 

staff and by Mines Department officials for routine and research work both 
on the surface and underground. Their commercial manufacture has been 
undertaken by Messrs. Air Conditioning & Eng., Ltd., 123 D Victoria St., 
London. 
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PORTABLE COMBUSTIBLE GAS INDICATORS IN 
THE OIL INDUSTRY 


By O. W. Jounson, Ph.D.* 


Synopsis. 


Urgent need for new equipment or processes is often the stimulus required 
to bring about the adaptation and perfection of long-known principles. The 
experience of the author’s company is a case in point, for when research into 
the manner of formation of explosive gas mixtures in petroleum tanks 
emphasized the need for a better method of making analyses in the field, the 
answer was found to lie in principles discovered thirty years or more 
previously, and virtually unused since that time. The subsequent develop. 
ment of the J-W combustible gas indicator is briefly described. 

Some of the more important uses of portable gas indicators are discussed, 
emphasis being placed on the advantages of continuous sampling and analysis 
on the spot, as an aid to the intelligent direction of various processes where 
explosive mixtures may be encountered. 

fn connection with tank cleaning, it is pointed out that the presence of 
men working on or around tanks which are in the explosive condition consti- 
tutes a hazard which should be minimized wherever possible. If gas-freeing 
to make the tank safe from explosion is made the very first step in the cleaning 
process, the duration of time that the tank remains subject to possible ignition 
can be very greatly reduced. 

Although residual sludge has sometimes been felt to provide a source of 
combustible gas, thus precluding the possibility of effective ventilation, the 
author believes the magnitude of this effect to be greatly exaggerated. The 
opinion is expressed that if the bulk of the liquid oil is drained off or floated 
off with water, and the tank then ventilated down to one-fifth or less of the 
lower limit concentration, the balance of the cleaning process, including 
sludge removal, can (with continual ventilation) be carried out without the 
tank again becoming explosive. It is assumed, of course, that the whole 
process would be guided by tests made as often as necessary to establish 
conditions actually prevailing in the tank. 

Examples of the successful use of the above procedure under adverse con- 
ditions are given. 

The hope is expressed that an increasing knowledge of the ease and 
accuracy with which field tests for gas concentration can be made will serve to 
further extend the use of these methods to the end that increasing economy in 
operation will be accompanied by an improvement in safety. 


THE development of the modern combustible gas indicator furnishes an 
interesting example of the way in which new equipment and tools are 
made available to meet an insistent demand. In the early stages of the 
petroleum industry, with operations on a relatively small scale, and with 
equipment in many cases fairly widely spaced, fires were unlikely to 
assume very large proportions, and appear to have been regarded more 
or less as a necessary evil in an industry handling highly inflammable 
fluids. As the magnitude of operations grew, however, and the concen- 
tration and value of equipment increased, the results of fire began to be 
of more serious consequence, and fire prevention received growing con- 
sideration. 

Fire can result only from the simultaneous presence of the three pre- 
requisites, gas (vapour), air (oxygen) and a source of ignition, with the 
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further restriction that the proportions of gas and air must, at the point 
of ignition, fall within narrow and closely defined limits. Prevention of 
accidental fire may be accomplished by the control of any one of these 
factors, although emphasis has sometimes been placed on guarding against 
potential sources of ignition. In many cases, however, ignition sources 
are difficult to control, or are a necessity in the performance of work, so 
that control of the presence of gas, or of its proportions with respect to 
air, will offer the most promising means of avoiding fire. 

With a recognition of the need for accurate knowledge of the com- 
position of gas-air mixtures came a realization of the limitations of the 
methods available for obtaining such information. Chemical laboratories 
were not always conveniently close to the place where the work was being 
done, and the analytical process, although accurate, was time-consuming. 
The delay involved in drawing samples, taking them to the laboratory, 
and carrying the answer back to the place where it could be used was a 
real obstacle in the way of taking full advantage of the information which 
could thus be obtained. The development of the portable combustible 
vas indicator was the direct result of an urgent demand for some instru- 
ment which would make results of laboratory accuracy available where 
needed, without delay. 


Gas DETECTION. 


Combustible gases encountered in the oil industry consist of methane and 
its higher homologues, which occur either as fixed gases, or as the vapours 
of the more volatile oils. These, for the sake of brevity, will be referred 
to simply as gas. Gas occurs rarely in pure form, as natural gas, but 
more usually as a mixture with air, and it is with these mixtures that 
we shall be most concerned. In most instances gas (vapour) will be derived 
from a liquid, and it is assumed that the significance of vapour pressure, 
and its relationship to the composition of saturated mixtures, are under- 
stood. A general knowledge of the characteristics of gas—air mixtures, 
the lower and higher explosive limits, properties of explosive mixtures, 
etc., is also presupposed. 

Gas detection, as ordinarily understood, means the act of determining 
by test whether or not gas is present in a given location. The answer is 
either positive or negative, and yields no information as to the factor of 
safety involved. With a quantitative test, on the other hand, the use- 
fulness is enormously enhanced, because, within the limitations imposed 
by the accuracy or reproducibility of the test, it becomes possible to 
establish factors of safety, and to follow changes in concentration. The 
expression “ gas indication ’’ is properly used to describe the quantitative 
test which yields a numerical answer in some such terms as “ per cent. by 
volume,”’ “ percentage of lower limit concentration,” etc. 

Problems of gas detection fall roughly into two classes. In the first 
important but quite specialized application, it is desired to ascertain 
whether a given mixture is explosive, or whether it is too rich to explode. 
The range likely to be covered extends from mixtures consisting of almost 
pure gas down to a concentration of a few per cent. Requirements are 
usually adequately served by locating the composition approximately 
with respect to the upper explosive limit. In the second class of tests 
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it is desired to determine the status of a mixture with respect to the lower 
explosive limit. In this class the range of mixtures covered extends from 
the lower limit downward, with particular importance attached to the 
reliability of readings as the zero indication is approached. This deter. 
mination of nearness to explosibility is of chief interest in connection with 
tank-cleaning and kindred processes, where the substantial removal of 
gas is necessary to provide a safe atmosphere for subsequent work. 

The expression “ gas free ’’ has been used to describe a condition which 
is safe from the standpoint of explosibility. This usage is indefinite and 
unsatisfactory, and should be discouraged. Absolute freedom from gas 
is, of course, rare in any equipment which has contained petroleum, and 
it is absurd to insist that safety demands even an approximation of zero 
concentration where danger of explosion is the only hazard being guarded 
against. 

A factor of safety (sometimes called a factor of ignorance) is a deliberate 
attempt to provide an extra margin to take care of defects in the know. 
ledge of properties or conditions. In the case at hand the uncertainties 
involved may include errors in analysis, errors in sampling, and errors in 
judgment as to the possibility of changes in gas concentration subsequent 
to test. The need for a wide margin of safety to cover errors in analysis 
is eliminated as soon as an accurate and reliable test method is used, 
Errors in sampling may be guarded against if it is possible to take and 
analyse many samples without delay, and thus examine a given location 
at many points. A rapid and accurate test method also makes it possible 
to detect trends in change in gas concentration, and may help to guard 
against errors in judgment as to the possibility of future change. 

With the modern combustible gas indicator a reading of one-twentieth 
of the lower explosive limit concentration is definite and reproducible. 
Although a tank containing such a small amount of gas would be safe 
from explosion by a wide margin, it could hardly be said to be “ gas free.” 
Under present conditions it appears better to abandon the use of this 
expression entirely, and substitute terms such as “safe for men,”’ “ safe 
for hot work,”’ etc., in which the nature of the work to be done and the 
likelihood of change subsequent to test are taken into account in estab- 
lishing the desired factor of safety. 

It is evident, then, that an accurate and economical control of con- 
ditions in and around equipment handling volatile oils is largely dependent 
on having available a reliable means for determining gas concentration 
at the place where the gas occurs, without the delays associated with the 
process of drawing a sample and transporting it to the laboratory for 
analysis. 


THe PorTABLE ComMBUSTIBLE GAS INDICATOR. 


The problem of detecting the presence of inflammable gas is by no 
means unique to the oil industry. Coal mines have been faced with 
this problem ever since the development of underground mining, and 
well over a century ago steps were taken to provide a means of warning 
of dangerous conditions. The first crude safety-lamps of Clanney, Stephen- 
sen and Davy were perfected and improved during ensuing years, and are 
still widely used. Many other instruments intended to fill the same field 
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have been proposed from time to time, and the Bulletin, “‘ Flame Safety- 
lamps” (U.S. Dept. of Commerce, Bureau of Mines Bulletin 227), lists 
some two dozen of such devices, operating on eleven different principles. 
















































o. Qne early instrument that was originally described by Liveing (Phil. 
with Mag., 1880, 9, 126) is particularly interesting in the light of the develop- 
11 of [| ments to be presently described. Another, the Burrell Methane Indicator, 

based on the principle of measuring the volume contraction after slow 
hich combustion, which appeared about 1915 as a portable indicator for use 
and & in mines, is of interest because even at that early date it was equipped 
gas & with a scale such that it tould be used in mixtures of gasoline vapour 


and air. 
= With all of this background of experience it might appear that the oil 


nad industry would find no difficulty in meeting its needs for a reliable gas 

indicator. It is evident, however, that the conditions of use in the oil 
rate §| industry were just different enough to prevent any of the previously 
10W. known instruments from being wholly satisfactory. The flame safety 
ities § lamp, although effective in the hands of the skilled mine fire foreman, was 
8 in unreliable under the varying light conditions encountered in use above 
sent § ground. The Burrell indicator was time-consuming, and its prototype, 
vais the N-D indicator (Neusbaum, DeVerter and Dean, Ind. Eng. Chem., 
sed. §| 1926, 18, 182), although designed especially for the oil industry, suffered 


and & from the same defect and was never very widely adopted. 

Some fourteen years ago, in the company with which the writer is 
associated, an increasing interest was beginning to be felt in the problems 
tard § of handling combustible gases and the control of explosion hazard. An 
extensive survey was authorized to ascertain the conditions under which 
explosive mixtures may be formed in tanks holding various petroleum 
ble. —| products. Ways and means of avoiding the presence of explosive mixtures 
were discussed, the effectiveness of ventilation as a preliminary step in 


safe 

>,” tank-cleaning was investigated, and experiments were conducted on the 
this § ignition of gases and the extinction of flames. Repeatedly in the con- 
safe (| duct of this work, which extended over a period of many years, the need 


the | was felt for improved methods of gas measurement. 

Chemical methods successfully used in the laboratory were considered 
and found inapplicable to field conditions. In general, chemical methods 
depend on the batch handling of a sample, as, for example, where the 
mixture under analysis is treated with reagents, absorbents, catalysts, 
ete., to effect some chemical change which will be accompanied by a 
the § change in volume. These manipulations require time, so that a reliable 
result will not usually be obtained in less than five or ten minutes. 

What was really required was a continuous method, which would per- 
form the analysis instantaneously, so that a sample could be drawn con- 
tinuously, and any change in concentration readily followed. The answer 
to this seemingly insurmountable problem was found to lie in a simple 
ith § ®daptation of the Liveing instrument previously mentioned. Whereas his 
method was to compare visually the brightness of two similar platinum 
filaments heated by the same current, one filament being exposed to the 
gas to be tested and the other shielded from it by pure air, it was found 
possible to make this same arrangement of filaments actuate a sensitive 
eld | “lectric meter to give a direct indication of gas concentration. 

II 
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This arrangement did not by any means represent an original discovery, 
A U.S. patent issued to Tilghman in 1894 discloses the use of a platinum 
spiral electrically heated to redness, to produce a catalytic combustion of 
gas in the presence of excess air, together with an indicating meter, flame 
arresters, etc. Additional patents appearing in both the United States 
and Great Britain in 1911 and 1912 disclose modifications of this same 
principle, but failed to produce a practical result. Thus the successfy] 
J-W Indicator which was finally produced, as described by Hall before 
the American Petroleum Institute in 1928 (Report of Ninth Annual Meet. 
ing, Dec. 3 to 6, 1928, p. 99), was not new in principle. It did, however, 
bring together in workable form the basic principles previously disclosed, 
to produce an instrument which amply filled the then existing need, and 
opened up new avenues for progress. It can be safely said that this and 
other similar instruments have served to introduce a new era in the hand. 
ling of combustible gases—an era in which accurate knowledge of prevailing 
conditions is substituted for guess-work, the nose, and rule of thumb. 

Although a complete description of the combustible gas indicator js 
superfluous, a brief mention of some of the characteristics which have 
made it so useful will be of interest. Physically, indicators range in size 
from a sturdy indicator for field use, weighing a little over 6 lb., down to 
a small tester which can be carried in the pocket. Samples are drawn into 
the instrument through a hose, using a pump or rubber aspirator bulb, 
and the gas concentration is immediately registered directly on a meter 
scale. Operation is simple enough so that an ordinary workman can be 
trusted to produce accurate results. 

An important feature is the indication of the quantity of gas present 
in terms of nearness to explosibility, without any need for knowing the 
kind of gas present or its volume per cent. concentration. This is made 
possible by the fact (observed by several workers) that for low-limit mix. 
tures of all gases with air the heat of combustion is substantially the same, 
irrespective of the volume per cent. of gas present. The incandescent 
filament which is the active element in the indicator changes its resistance 
in proportion to the heat liberated, and by a proper choice of the shape 
and temperature of the filament, it has been found possible to bring the 
indication for low-limit mixtures of all common gases into approximate 
agreement. Minor variations become still less important as the zero 
concentration is approached. The indications are, in all cases, quite 
definite and reproducible, and may be converted to per cent. by volume 
of the particular gas present, by means of calibration curves, where this 
is desired. 

Features which tend to ensure against obtaining false readings are the 
speed of operation, which invites repeated tests, the sensitivity and con- 
tinuous sampling, which make it possible to cover all portions of a con- 
tainer with ease, and, in at least one model, a characteristic response when 
sample is being pumped which makes it impossible to mistake a failure to 
register for an indication of zero gas concentration. 

Although the primary field of the combustible gas indicator lies in the 
range of low gas concentrations, it is readily possible to extend the range 
if desired. Air may be mixed with the sample in a predetermined ratio 
by means of a proportioning orifice, so that rich mixtures may be analysed. 











Jom 


This m 
pure g 


rich mi 


It wi 
which t 
these n 
presenc 
tests tc 
given 0 
mechan 
of the r 

Tests 
ing the 
establis 
regulati 
as the 
such va 
or the 
the crit 
explosi' 
object 
much |; 
be the 
presenc 
leakage 
gas con 

Wher 
use of f 
of five 
circums 
centrati 
obtain : 
gas cor 
indicat« 
ment o! 
warrant 
with te 
test be : 
by whic 

Tests 
given o 
improve 
gases es 
creased 
the pro 
hazard | 
gas ind: 




















JOHNSON } COMBUSTIBLE GAS INDICATORS IN THE OIL INDUSTRY. 445 


This method finds use in estimating the quantity of air present in nearly 
gases, in helping to locate gas leaks, and in kindred problems where 
rich mixtures are likely to be encountered. 


APPLICATION. 


It will be necessary only to mention some of the more obvious ways in 
which the combustible gas indicator can serve the oil industry. In general, 
these many uses will fall into three categories, viz., tests to disclose the 
presence of gas, tests to demonstrate the substantial absence of gas, and 
tests to measure the change in concentration of gas which accompanies a 
given operation. The difference is more in the point of view than in the 
mechanics of the test, but the procedure followed and the interpretation 
of the results will vary quite widely. 

Tests to reveal the presence of gas may be made in the interest of extend- 
ing the existing knowledge of behaviour of products or equipment, or to 
establish standards of danger on which to base operating procedure or 
regulations, or as a periodic check, to reveal changes in condition, such 
as the development of leaks, etc. The suspected locations may include 
such varied places as tanks, cellars, sewers, pump rooms, refinery vessels, 
or the earth in the vicinity of buried lines. Where explosion hazard is 
the criterion, the presence of more than a small fraction of the lower 
explosive concentration of gas would be cause for alarm. Where the 
object is to determine the behaviour of equipment, the presence of a 
much larger quantity of gas, such as a mixture too rich to explode, may 
be the desired criterion. In the location of leaks the importance of the 
presence of gas may be subordinate to the determination of the rate of 
leakage, and various expedients, such as measuring the rate at which the 
gas concentration in a given space increases, may be resorted to. 

Where tests are made to prove the existence of conditions safe for the 
use of fire, it becomes necessary to establish a factor of safety. A factor 
of five with respect to the lower explosive limit will be generous if all 
circumstances which might contribute to a subsequent increase in con- 
centration are carefully considered. In practice it is often possible to 
obtain a greater factor of safety with little effort, and in extreme cases a 
gas concentration less than the smallest concentration shown by the 
indicator has been insisted upon. As previously pointed out, the require- 
ment of excessively large factors of safety is unreasonable, and may not 
warrant the extra time and expense sometimes involved. In connection 
with tests to prove safe conditions, it is particularly important that the 
test be made to include representative samples, and that all possible means 
by which gas can subsequently enter the space be carefully guarded against. 

Tests to establish the change in gas concentration which accompanies a 
given operation or procedure may not necessarily have as their object an 
improvement in safety. For example, a decrease in the concentration of 
gases escaping to the air might reflect a monetary saving because of de- 
creased losses. In the case of tank ventilation, however, the object of 
the process is to displace gas as promptly as possible, in order to reduce 
hazard and avoid unnecessary delay. Since the application of the portable 
gas indicator to tank cleaning is an important one, and since some factors 
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in this process are frequently overlooked, the mechanism of tank ventilation 
will be discussed in some detail. 

At the outset it is desired to emphasize one basic principle which it js 
felt should serve as a guide in all operations connected with tank cleap. 
ing : so far as possible, all manual operations in and around tanks should 
be deferred until after the tank has been rendered non-explosive by ventila. 
tion. While few will disagree with this simple basic principle, it is often 
found that lack of understanding of the mechanism of the processes em. 
ployed will lead to establishing a routine which would seem to be directed 
toward the opposite end. A step by step consideration of the various 
processes which are ordinarily followed will make this meaning clear. 

The occasion for cleaning an oil tank generally arises when it becomes 
necessary to take the tank out of service either for repair or because of g 
change in stock. The tank will ordinarily have been only recently drained 
of oil, and will contain a nearly saturated vapour-air mixture, which, if 
the oil had a fairly high vapour pressure, will probably be too rich to 
explode. It is usually desired to complete the cleaning or repairs and 
return the tank to service as promptly as possible. In addition to the 
residual air-vapour mixture, the tank may contain varying amounts of 
scale or other bottom residues, even to the extent of a waxy accumulation 
a foot or more in depth. According to the ideal routine previously de. 
scribed, it would be desirable that the first step in the cleaning process 
consist of dissipating the combustible gas so that the tank would be safe 
from explosion. The manner in which that can be accomplished depends 
somewhat on the nature of the tank, and the facilities available. If it is 
a shore tank remote from supplies of steam or compressed air, the simplest 
arrangement will be to open a manhole at the top and at the bottom 
of the tank, and allow natural ventilation to take place. The speed at 
which this occurs will, of course, depend on wind, the amount of sunshine, 
size of openings, and various other factors, but will in many cases take 
place much more rapidly than the uninitiated person would suspect. In 
an instance which came to the writer’s attention it was desired to test the 
effectiveness of some special tank ventilating equipment, and the tank 
was prepared for the test late one afternoon by opening top and bottom 
manholes. Next morning when the test was started, it was found that 
practically all the gas had been dissipated during the night. 

It is frequently contended that it will be impossible to render a tank 
safe from explosion so long as accumulations of scale or other residue 
remain on the bottom. While this is true to a limited extent, it is believed 
that the importance of bottom residue as a potential source of combustible 
gas is greatly over-estimated. The writer has personally inspected the 
interior of many tanks immediately after preliminary ventilation, and 
before any attempt had been made to remove bottom residues. In one 
instance a two-foot layer of waxy residue from crude oil was present. In 
spite of this residue, ventilation provided by the usual means (in this 
case windsails, since it was a ship’s tank) was adequate to provide at the 
bottom of the tank a factor of safety of five against explosion. 

Of course, when sludge is stirred up in the process of preparing it for 
removal, as by the use of hose streams, scrapers, etc., the rate of gas 
liberation will be increased. Thin layers of ignitable mixture may form 
immediately adjacent to the surface of the sludge. However, the actual 
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quantity of gas evolved will usually be small, and the explosive layers 
will be quickly dissipated. At the worst, the condition will be much 
better than to have a whole tank full of explosive mixture. In one extreme 
case, it was observed that the gas concentration at the breathing level in 
a shore tank increased from the initial concentration of one-fifth of the 
lower explosive concentration to about half of the explosive concentration. 
In this instance a slight delay in the cleaning process was necessary to 
permit the ventilation to catch up with the gas evolution, and give once 
more a concentration low enough to permit men to continue the work. 

By following the recommended routine, guided by tests made during 
the process, it is possible to accomplish practically all of the work requir- 
ing the presence of men in and around a tank while the tank atmosphere 
js definitely outside of the explosive range. 

In contrast to the above procedure, a routine sometimes followed in 
tank cleaning is to open the tank manholes, and immediately start flushing 
out the sludge by the use of hose streams directed from outside the tank. 
If the tank is initially within the explosive range, it is very likely that it 
will remain so during the whole of this hosing process. Washing a tank 
with hose streams while it contains an explosive mixture is bad practice, 
to say the least. Static electricity, carelessness, etc., are possible sources 
of ignition which are inherently present during this process, and fire records 
show that several disastrous explosions have occurred at such times. In 
following this objectionable routine, the next step, after hosing is com- 
plete (assuming the tank to be still intact), would be to ventilate to remove 
the remaining gas. Ventilation after hosing will be accomplished in only 
slightly less time than would have been required if it had been done first, 
so that there is little to be gained in time saved. The objectionable 
feature of the process is the deliberate choice of prolonging the duration 
of the explosive condition while work is being done, when this could just 
as well be avoided. , 

In one instance recently observed aboard a small tanker, it was required 
to clean both port and starboard sides of two tanks in order to change 
cargo from gasoline to lubricating oil. The tanks were steamed for about 
1} hours. They were then opened and windsails rigged. As soon as hoses 
could be laid out, the windsails were pulled out of the two starboard side 
tanks and hosing down was started, the windsails being left in the port 
tanks. At the end of three-quarters of an hour, when the hosing of the 
starboard side was completed, measurement showed these tanks to be 
still in the explosive condition. During this same period ventilation had 
been continued in the port side tanks, resulting in a gas concentration of 
about one-tenth of the lower explosive limit. During the subsequent 
hosing of the port side tanks the vapour concentration increased only 
slightly, so that the hosing was in this case done on tanks safe from explo- 
sion. It is evident that if the hosing had been delayed less than one 
hour, to permit all tanks to become ventilated first, the whole process 
could have been carried forward without any work being done on explosive 

tanks, other than raising the hatches and rigging the windsails. 

Irrespective of the direct danger attached to any particular manual 
operation, it is contended that the presence of men around a tank while 
it contains an explosive mixture constitutes an undesirable situation. In 
spite of careful control, the activities of men can sometimes accidentally 
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produce a source of ignition. Even if a tank should initially contain , 
mixture too rich to explode, washing with hand hoses could not be done 
in safety, because diffusion would produce an ignitable mixture in the 
vicinity of the tank openings. 

In considering the mechanism of tank ventilation, it is important to 
keep in mind that natural ventilation is most effective where openings ip 
the tank are available at both top and bottom. It rarely happens that 
the mixture inside the tank and the air outside have exactly the same 
temperature and density, and with both top and bottom openings , 
circulation is almost certain to be established under the influence of vary. 
ing atmospheric conditions, sun, wind, etc., which will provide fairly rapid 
ventilation. In tanks which have openings at but one place, such as 
ships’ tanks, or horizontal cylindrical tanks, the same effect can be obtained 
by employing a canvas pipe or windsail which extends from outside the 
tank well down towards the bottom. This conductor acts like an inverted 
chimney and will permit the currents of air entering and leaving the tank 
to pass each other without interference, thus greatly facilitating ventilation. 

This whole question of ventilation has been discussed at length because 
it appeals to the writer as being, from the standpoint of safety, one of the 
most important steps in tank-cleaning operations. It is his personal 
opinion that the principle of making tanks safe from explosion before 
other cleaning operations are commenced can be invariably carried out, 
usually with only slightly greater time consumption than is required by 
procedures which permit working on the tanks in an explosive condition. 
The only requirement for accomplishing these desired ends is intelligent 
supervision of the process, made possible by frequent tests to determine 
what is actually going on. 

A summary of the uses of gas indicatore would be incomplete without 
reference to the permanently installed indicator, which is sometimes used 
to continuously analyse samples from a particularly dangerous location. 
Such an indicator can be equipped with &n alarm bell or light, if desired, 
to give audible or visual warning of increasing gas concentration. Such 
an installation is used with success in making a routine examination of 
steel drums before and during the process of repair by welding. 

Although emphasis has been placed on the use of combustible gas 
indicators in the oil industry, it will be obvious that many other industries 
have similar problems which can and are being solved in an analogous 
manner. Chemical plants handling volatile solvents, gas-distributing 
companies, and others have joined the ranks of those who believe that 
there is no justification in guessing when it is so easy to know. 

In conclusion the writer would like to emphasize the thought that although 
a sound understanding of the physical principles involved will show the 
way to safety and efficiency in processes handling combustible gases and 
volatile oils, in the last analysis it will be necessary to rely on tests made 
under full-scale plant conditions to confirm the accuracy of design, and to 
insure continued safe conditions. 


Grateful acknowledgment is made to the Standard Oil Company of 
California for permission to incorporate in this paper the results of much 
work done in the interest of fire safety. 
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VAPOUR DETECTORS IN THE PETROLEUM 
ant to INDUSTRY. 
ngs in 
8 that By P. Docxsry, B.A., A.M.Inst.Pet.* 
- Same 
ngs a 
vary. Summary, 
rapid _ Vapour detectors in the petroieum industry have to measure gas /air mixtures 
r in which the molecular weight of the gas or vapour may vary over wide limits, 
ch as and is usually unknown. For this reason a satisfactory detector should give the 
alned same response for mixtures containing oom percentages by weight of combustible 
le the gas, sq of their molecular weights. Certain criteria of sensitivity must 
‘erted als b . : 
tank peinipien co hide they works, {2.' chemicals, Sifeaions woles changes om 
ation combustion; or heat of combustion. The suitability of these principles for the 
Rig ourpose of petroleum vapour detectors is discussed. It is shown that detectors 
re based on the heat of combustion principle meet the requirements well. 
of the 
sonal Vapour detectors are used in the petroleum industry for the purposes 
efore of guarding against the risk of fire and explosion, and of ensuring that an 
out, atmosphere is non-toxic. While the first requirement may be defined 
d by with sufficient accuracy by the lower explosive limit of the vapour, the 
tion. second is subject to no strict definition. In fact the toxic effect may in 
gent many cases be due not to the hydrocarbon content of the atmosphere but 
mine to traces of more potent compounds, e.g., sulphur compounds associated 
with it. It is customary to regard a tank as gas free if the hydrocarbon 
hout content of the air is one-fifth of the lower explosive limit, and it is desirable 
used that some indication should be given by a quarter of this concentration, 
‘ion. i.e., 5 per cent. of the lower explosive limit. A suitable instrument for the 
red, purpose therefore has a scale ranging from zero to something over the lower 
uch explosive limit, with ability to respond with certainty to a concentration 
n of as low as 5 per cent. of this. : 
It is customary to refer to such an instrument as a vapour detector, 
gas but one which will merely detect and give warning at one pre-determined 
ries concentration, and which might properly be referred to as a detector, will 
ous not suffice. A suitable instrument would properly be called a meter, but 
ing since the term detector is commonly used it will be retained in what follows. 
hat A further requirement of such instruments in the petroleum industry 
is that they should measure concentrations of vapours of widely varying, 
igh and usually unknown molecular weights ranging from methane upwards. 
the It is important that a detector of a new type, and particularly one working 
ind on a not very clearly defined principle, should be tested in mixtures of 
de several gases. Tests carried out solely using pentane-air or gasoline 
to vapour-air mixtures can be most misleading. 
Table I shows the value of the lower explosive limit for a wide range of 
hydrocarbon gases and vapours and also for hydrogen and hydrogen 
: sulphide. The figures are given both for percentage by volume and 
c 
* Anglo-Iranian Oil Company. 
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. : Lower Explosive Limits in Air. general 
Gas or Vapour. Mol. wt. % by % by Ref. ‘ ; 
Volume. Weight. (2) Dif 
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Methane CH,. . 16-04 5-35 3-04 1 Since, | 
Ethane CH... . 30-07 3-12 3-24 1 molecu 
Propane C,H, . ; 44-09 2-15 3-24 2 for dea 
n-Butane C,H,,. ‘ 58-12 1-60 3-16 3 trole 
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isoPentane i-C,H,, . 72-15 1-30 3-18 2 A se 
Hexane C,H, ‘ 86-17 1-30 3-77 4 porous 
Heptane C,H, ; 100-20 1-10 3-70 4 he an 
Octane C.His : 114-23 1-00 3-81 4 e 
Ethylene C,H, ; 28-05 3-02 2-93 l mixtur 
Propylene C,H, . , 42-08 2-18 3-14 l taining 
Butylene ae. - 56-10 1-77 3-24 1 a 
Acetylene C,H, 26-04 2-60 2-26 1 se 
Benzene ee 78-11 1-41 3-71 1 Both 
Toluene C,H, . ‘ 2-13 1-27 3-98 1 merely 
Hydrogen HH, .. 2-02 4-15 0-302 1 
Hydrogen Sulphide H,S . 34-08 43 5-00 1 3) Vo 
( 
If a 


It can be seen from this table that the lower explosive limit, when filamer 
expressed as a percentage by weight, is approximately constant for the there \ 


complete range of hydrocarbon vapours. Thus, a detector which gives formec 
the same response for equal percentages by weight of vapour whatever measu 
the molecular weight, will give approximately the same response at the operat 
lower explosive limit whatever the vapour in the mixture being tested. which 
side of 

both c 

UNDERLYING PRINCIPLES. samph 

A considerable number of detectors for hydrocarbon gases have been positic 


proposed. They are based for the most part on a few well-defined chemical the ch 
or physical principles and differ merely in the method of application. The The e¢ 


principles most commonly used as a basis are : the gz 
flamm 

(1) Chemical. owl 
The gas mixture is passed through a heated tube in order to burn the about 
hydrocarbon, and the amount of carbon dioxide formed is estimated by to me 
passing the products through lime water. The amount of precipitate can with t 
conveniently be estimated from the turbidity of the lime water.5 on wh 
Such a method as this is not rapid, but it can be made accurate. The The 
limit of accuracy lies in the variation in the CO, content of the air, by vo 
which in a refinery or works may be considerable. A blank experiment for w 
overcomes this difficulty but considerably increases the time for a test. type | 


It is evident that the correct figure for the percentage by weight or by cent. 
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yolume of the hydrocarbon vapour present can only be obtained if the 
chemical formula of the vapour is known. However, if the formula is 
unknown, the percentage of inflammable vapour by weight may be esti- 
mated within + 10 percent. Thus, in this respect the chemical type meets 
the requirements of a good meter, It is, however, too slow in use to be 
generally adopted in a refinery. 


(2) Diffusion. 

Methane detectors working on the principle of diffusion are well known. 
Since, however, they depend essentially on the difference between the 
molecular weights of air and the combustible gas they are quite unsuitable 
for dealing with the wide range of molecular weights encountered with 
petroleum vapours. 

A second type of detector depends on the pressure difference across a 
porous membrane due to the diffusion of the products of combustion of 
the gas (Ringrose detector). Such a detector works well for methane 
mixtures, but cannot be made sufficiently sensitive for mixtures con- 
taining hydrocarbons of higher molecular weights, e.g., pentane. It gives 
approximately equal response to equal percentages by volume. 

Both diffusion types can be constructed to work as meters, and not 
merely as warning devices. 


(3) Volume Changes on Combustion. 


If a gas-air mixture is enclosed in a chamber and burnt on a red hot 
filament, and is subsequently allowed to cool to its original temperature, 
there will be a decrease in pressure due to the condensation of the water 
formed during combustion. The decrease in pressure can be used as a 
measure of the concentration of the mixture. The McLuckie detector 
operates on this principle. It consists of two copper chambers one of 
which contains the filament. A barrel-tap, actuated by a handle on the 
side of the case, may be set in one of three positions. In the first position 
both chambers are connected to air and may be filled with a representative 
sample for test by sucking air in with a small hand pump. In the second 
position both chambers are completely sealed, while in the third position 
the chambers are opened to the opposite sides of a small water manometer. 
The combustion is carried out with the tap in position (2). After allowing 
the gas to cool the tap is turned to position (3) and the amount of in- 
flammable vapour read on the scale of the differential manometer. 

This detector gives a discontinuous reading, but can be used if desired 
to test a small sample of gas, e.g., 500 ml. The time taken for a test is 
about ten minutes. It can be made sufficiently sensitive and repeatable 
to meet the requirements laid down in the introduction, and it combines 
with this a considerable degree of ruggedness owing to the simple principle 
on which it works. 

The weak point is that the detector does not measure percentages either 
by volume or by weight except of course for the particular gas or vapour 
for which it is calibrated. For example, if we have a detector of this 
type calibrated so that a reading of 1-0 on the scale corresponds to | per 

cent. by weight of pentane vapour, we can calculate the following table. 
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Gas or Vapour. % by Weight. Reading on detector, 


ey, 


ey 








Pentane 1-0 1-0 
Methane 0-44 1-0 
Ethane 0-65 10 
Butane 0-91 1-0 
Octane 1-13 1-0 
Benzene 1-73 10 


Thus for paraffin or olefine vapours over the range butane to octane 
the detector indicates percentages by weight to within + 10 percent. For 
gases lighter than butane the error increases but is in the direction of an 
increased factor of safety. 


(4) Heat of Combustion. 


The principle of assessing the amount of inflammable gas present in the 
air by means of the heat generated when the gas is burnt has been used 
for many years. A patent for a detector working on this principle was 
applied for in 1906° and many similar detectors have appeared since. 
While they have been all based on the same principle there has been a 
considerable variation in the method of application. 

The heats of combustion of hydrocarbon gases and vapours are given 
in the following table.’ In the last column the heat in 100 g. of lower 
explosive limit mixture is shown. This is obtained by multiplying the 
figure in the last column of Table I by the net heat of combustion. 

It will be seen that any device which measures the heat of combustion 
will give approximately equal responses to equal percentages by weight, 
irrespective of the molecular weight or chemical type. Consideration of 
the second column in Table III shows that the response for lower explosive 
limit mixtures is even more nearly constant. The mean of the figures 








Taste III. 
Net heat of combustion Heat in 100 gm. of 
Gas or Vapour. at 0° C. and 760 mm. lower explosive limit 
(dry) Cal,, per gm. mixture. Cal. 

Methane . . ° ° 11,957 36,300 
Ethane. ‘ ‘ ‘ 11,352 36,800 
Propane . ° ‘ ‘ 11,084 35,800 
n-Butane ‘ ‘ ‘ 10,936 34,600 
Pentane . ° ° : 10,846 37,450 
Hexane . : ° ‘ 10,783 40,500 
Ethylene . ‘ ‘ . 11,280 33,050 
Propylene ‘ : ‘ 10,900 34,200 
Butylene . ‘ : ° 10,792 34,950 
Benzene . ° ° ‘ 9,680 35,900 
Toluene . . ‘ ° 9,789 39,000 
Hydrogen , ° ‘ 28,647 9,110 
Hydrogen sulphide . . 3,644 18,300 
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for hydrocarbons in the second column is 36,250 and the maximum devi- 
ation + 12 per cent. and — 5-7 per cent. In view of the very wide error 
which must be attached to the determination of the explosive limit this 
degree of constancy justifies the statement that detectors working on this 
principle measure the proportion of the lower explosive limit mixture. 

Hydrogen and hydrogen sulphide are exceptions. The latter is not 
usually present in sufficient quantity to have a serious effect on the heat 
of combustion. If the gas is rich in hydrogen, which is usually a special 
case, a special calibration would be necessary. 

The principle may be applied in practice either by burning the mixture 
in a flame of standard size, or on a filament usually of platinum or palladium. 
The well-known Redwood lamp may perhaps be considered in this category, 
although the heat of combustion is not directly measured. Since it is 
being described elsewhere it will not be considered further in this paper. 

A second example of the first type is the Spiralarm detector. A round 
wick burning kerosine is adjusted in gas-free air to give a flame of standard 
size. The flame is in a compartment fully protected by gauzes. When 
the lamp is placed in a gas mixture the temperature of the products of 
combustion rising from the flame is raised due to the extra heat of com- 
bustion in the gas mixture entrained in the flame. A bi-metallic spiral 
strip placed above the flame responds to the temperature and closes a pair 
of contacts actuating a warning light if the concentration of gas rises 
above a certain limit. The size of the flame must occasionally be checked 
in gas-free air, but beyond this the detector is continuous in operation. 
Such a device will give a warning at quite low concentrations, e.g., one- 
quarter of the lower explosive limit. Changes of temperature between 
that in which the flame is standardized and that in which it is used affect 
the reading somewhat, and on account of this the principle would not 
suffice for the purposes of a meter (as opposed to a warning device) without 
further refinement. 

The majority of the detectors working on the heat of combustion prin- 
ciple use an electrically heated platinum filament to promote combustion. 
Owing to catalytic action the temperature to which the filament is 
adjusted initially in gas-free air can be quite low, but it must be raised 
above a certain limit for other reasons explained later. When gas-air 
mixture is admitted to the chamber containing the filament combustion 
proceeds on the filament surface and the temperature is increased propor- 
tionately to the heat of combustion available in the mixture. The increase 
in temperature may be estimated in various ways; for example, by colour 
brightness directly observed by eye (Martienssen detector) or by observing 

the filament through standard opaque glass screens in comparison with a 
filament of standard brightness. A detector devised by Professor Thornton 
works on this principle. 

A third method of estimating the temperature is to measure the resistance 
of the filament, a principle adopted in several detectors now on the market 
(U.C.C. detector; M.S.A. Explosimeter; J.W. detector). The measure- 
ment is made by including the filament as one arm of a Wheatstone’s 
Bridge, the other arms having fixed values. A controlling resistance is 
placed in series with the battery, and the current flowing through the 
filament can be adjusted by this. The bridge is initially balanced by 
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adjusting the rheostat with the filament in gas-free air. When gas-air 
mixture is admitted to the filament the temperature and resistance rise, 
and the bridge is thrown out of balance, causing a deflection on the galvano. 
meter. This deflection is proportional to the concentration, and a scale 
on the galvanometer gives a measure either of concentration or of per. 
centage of the lower explosive limit mixture. 

The filament may be enclosed in a chamber protected by gauzes and lowered 
into the atmosphere to be measured on a cable, in which case a con. 
tinuous reading of gas concentration is obtained. If this is done the 
reading is apt to be slightly affected by draughts. Usually, however, the 
filament chamber is incorporated in the case of the instrument, and the 
_gas-air mixture sucked through it by means of a simple hand-pump. In 
this form discontinuous readings are obtained. The time required to 
obtain a reading is short (less than one minute). 

These instruments need occasional checking in gas-free air as the battery 
runs down. Provision is usually made to tell when the battery is ex. 
hausted. It is also essential that the filament should be easily renewed. 

These resistance-type detectors are obviously somewhat delicate and 
complicated instruments but have now been developed to a trustworthy 
and sufficiently robust state. They have a scale reading from 0 to 100 per 
cent. of the lower explosive limit. 5 per cent. of the explosive limit is easily 
detectable, and 20 per cent. measurable with an accuracy of + 2 per cent. 
Thus they easily meet the requirements discussed in the introduction. 

There is one point in connection with this type of detector which needs 
watching. If the gas contains an appreciable proportion of H,S the 
filament may, in certain circumstances, be poisoned and the detector 
give false readings. This can be avoided if the temperature at which 
the filament is initially adjusted in gas-free air is sufficiently high. In 
some tests made in this connection it was found that if the initial tempera- 
ture of the filament was 380° C., which was sufficiently high to promote 
combustion and give an accurate meter, poisoning took place. This was 
avoidable by raising the initial temperature to 480°C. At this temperature 
the filament can be left running in a mixture containing a high proportion 
of H,S (0-1 per cent. by volume) for several hours without altering the cali- 
bration. 


(5) Miscellaneous Methods. 

It is obvious that any physical difference between air and combustible 
gas can be made the basis of a method of analysis if sufficiently delicate 
apparatus can be devised. Thus the density or viscosity of an air-gas 
mixture may be used. For petroleum purposes the former has the same 
objections as the diffusion method mentioned above. The use of viscosity 
for analytical purposes would necessitate a large amount of work in 
calibrating, since there is no simple mixing law for the viscosities of gaseous 
mixtures. Moreover, owing to the small amount of gas which must be 
detected, both methods would require a great deal of experimental skill 
and would be correspondingly time consuming. 

A further method is to use the difference in the refractive index of vapour 
and air as the basis. In this case extreme delicacy of measurement is 
obtainable by using an interferometer. Unfortunately no figures are 
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available for the refractive indices of hydrocarbon gases and vapours, 
so that it is impossible to estimate the accuracy obtainable by such a 
method, nor how it would respond to gases of various molecular weights. 
It is possible to calculate refractive indices for gases and vapours though 
not with a high degree of certainty. From such calculated figures it 
appears that the sensitivity of this method will decrease with increase of 
molecular weight, and that the readings on the interferometer could not 
be converted to percentage by weight of inflammable vapour without a 
knowledge of the molecular weight of the particular vapour present. 

I wish to record my thanks to the Chairman and Directors of the Anglo- 
Iranian Oil Company for permission to publish this paper. 
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THE “RIKEN” EXPLOSIVE GAS INDICATOR, 





By J. 8. Jackson, B.Sc., F.1.C.* 


A METHOD of analysing mixtures of methane and air based on the fact 
that the refractive index of methane is considerably higher than that of 
air was described in Bulletin 42 of the U.S. Bureau of Mines, 1913. The 
apparatus used was the laboratory type of the Raleigh interferometer as 
adapted to gas analysis by Dr. F. Haber of Berlin and Dr. F. Lowe of 
Jena. Mohr,’ Haber,? Lowe* and Kiippers* have published studies 
concerning its use. 
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The “ Riken”’ Explosive Gas Indicator, designed and described * by 
Dr. Z. Tuzi, is based on the principle described in the above publication, 
and incorporates the Doi refractometer, which is similar in principle to 
the Jamin interferometer. 

The construction of the Doi refractometer is shown in Fig. 1; @ is a 
parallel prism and P a right-angled prism. The light from a lamp S is 
reflected at a, and subsequently separated into two parallel beams, one 
of which follows the path a-b-c-d-e-f-g-h, whilst the other follows 
a-b-c’-d'-e’-f'-g-h. The two beams come together again at g, and can be 
observed in the field of the telescope 7’. Interference occurs, and a striped 
field of fringes can be observed in the telescope. The gas mixture under 
test can be passed into the tubes A and A, which are connected, whilst 





* Manager, Central Laboratories, Shell Marketing Co. 
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the standard gas (usually air) is contained in the tube B. All three tubes 
are sealed by means of two glass plates. One beam passes through the 
tubes A and A, whilst the other passes forwards and backwards through 
tube B. When A and B both contain the same gas, the fringes do not 
move. If, however, another gas of higher refractive index is passed into 
the tubes A and A, the fringes are displaced. Since the refractive index 
of a gas is a function of pressure as well as temperature, it is possible to 
bring the fringes back to their original position by raising the pressure of 

the gas in tube B. 

The instrument is extremely sensitive, and can be used to detect small 
quantities of gasoline vapours in air. With this object in view, the pres- 
sure gauge is first calibrated in terms of concentrations of gasoline by 
examining mixtures of known concentrations. The apparatus can then 
be used for the accurate and rapid detection of gasoline vapours. 

The following procedure is adopted when using the “ Riken ” Indicator 
for this purpose (Fig. 2). 

The air and gas tubes are thoroughly swept with clean air. The lamp 
is then switched on, when striped fringes of different colours and one black 
stripe can be seen in the field. The initial position of the fringes can be 
located accurately by means of an index line which can be brought into 
sharp focus by raising or lowering the eye-piece. 

The initial position of the fringes is adjusted by means of the handle 
h,, 80 that the index line falls midway between the black stripe and the 
next upper coloured stripe. The zero mark on the scale is then brought 
into line with the centre line on the glass by operating the large handle 
h,, whilst the smaller handle h, is held so that h, may rotate about A,. 

The air cocks are then closed, and the air—gasoline mixture to be examined 
is sucked into the gas tubes by means of a rubber pump provided, care 
being taken to ensure that the air in the tube is completely displaced by 
the mixture. The gas cocks are closed. It will then be observed that 
the fringes have moved, on account of the higher refractive index of 
the air-gasoline mixture. The fringes can, however, be restored to their 
original position by raising the refractive index of the air by increasing the 
pressure of the air by operating handle h,. The volume percentage of 
gasoline present in the mixture is then read directly from the graduated 
scale. 

It is understood that the instrument is standardized on the basic assump- 
tion of an arbitrary figure of 1-0015 for the refractive index of gasoline. 
This figure of 1-0015 was arrived at by examining a representative range 
of commercial gasolines, the vapours of which showed refractive indices 
varying from 1-001508 to 1-001621, which gave an average value of 1-0015. 

Using a very early model of this apparatus, the following results were 
obtained upon air-gasoline mixtures of known concentrations : 


Percentage of Gasoline 
Percentage of Gasoline Vapour in Mixture. 
Vapour in Mixture. ** Riken Indicator. ” 
% vol. % vol. 
0-09 0-1 
0-35 0-30 
0-59 0-49 


0-98 0-79 
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The design of the instrument has since been improved, and the latest 
model is doubtless capable of greater accuracy. 

Dr. Tuzi has published ® the following directly comparative results ob. 
tained with the Redwood Indicator and his own apparatus upon the 
same air—gasoline mixtures : 


Percentage of Gasoline Percentage of Gasoline 
Vapour in Mixture. Vapour in Mixture. 
Redwood Indicator, % vol. ** Riken ”’ Indicator, % vol. 


Accuracy, safety, rapidity and exceptional portability are the out. 
standing advantages claimed for this apparatus by Dr. Tuzi and his 
collaborators. 
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THE INFLAMMATION OF HYDROCARBON-AIR 
MIXTURES. 


By D. T. A. Townenpn,* D.Sc., Ph.D., D.I.C., and M. Maccormac,f 
Ph.D., D.L.C. 









INTRODUCTION. 





Ir is well known that for a mixture of combustible and air to be 
explosive its composition must lie within the “‘ range of inflammability,” 
so that all mixtures the combustible-contents of which lie outside certain 
“lower” and “upper” limits are non-inflammable. Also, in order to 
initiate flame in an explosive mixture, it is necessary for the attainment 
of a certain thermal (or otherwise sensitized) condition at some region 
within it. After ignition, the speed and mode of propagation of flame 
depend essentially on the conditions of environment; for example, the 
development of an explosion is usually more rapid in a closed vessel than 
inan open one. And if a tube open at one end be employed, the violence 
will also depend on whether ignition occurs near the closed or the open 
end. Other factors influencing an explosion are the development of 
compression waves, the dynamic state of the mixture (i.e., whether at 
rest or in motion) and the direction of propagation of flame (i.e., whether 
upward, horizontal or downward). 

While there is a considerable accumulation of data in the literature in 
regard to “limits of inflammability ” and so-called “ignition points,” 
rarely can observations made in experiments under one set of conditions 
be accepted as indicative of the safety conditions in any other set of 
conditions. And with the increasing use in industry of inflammable 
vapours at elevated temperatures and pressures, it is important that 
information relevant to these conditions should be available over 
sufficiently wide ranges. 

The purpose of the present paper is to make clear recent developments 
in our knowledge of the subject, and particularly to direct attention to 
(a) the part played by pressure in inducing the spontaneous ignition of 
certain combustible—air mixtures at comparatively low temperatures by 
the incidence of the phenomenon known as a “ cool” flame, and (b) the 
part played by both temperature and pressure in widening the ranges of 
inflammability of many combustibles, and particularly in inducing separate 
ranges for “cool” flames which may be initiated by suitable igniting 
sources. Until recently the origin and independent behaviour of a “ cool ” 
flame were not well understood; but it is now recognized as playing an 
important réle under suitable conditions in the ignition of many inflammable 



























materials. 
An important contribution on “limits of inflammability” by G. W. 


Jones has been published so recently (Symposium on Gaseous Combustion, 
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American Chemical Society; Chemical Reviews, February 1938) that we 
have refrained from discussing that subject in detail; we have considered 
the field as a whole from the new view-points which have been forthcoming 
from experiments over wide pressure ranges. 

In the first part of the paper we have dealt with spontaneous ignition 
phenomena, and in the second with inflammability limits, over wide 
pressure and temperature ranges. We have regarded as beyond the scope 
of our article any detailed consideration of possible sources of ignition of 
explosive media, most of which are well known and usually guarded 
against. Attention should, however, be specially directed to the danger 
of contact with bodies heated to comparatively low temperatures when 
inflammable materials such as carbon disulphide (1.T. <140°C.) ar 
employed, or those which are now known to give rise to “ cool ’’ flames. 


SPONTANEOUS IGNITION PHENOMENA. 


Pre-Flame Combustion.—In order to appreciate the factors responsible 
for ignition, it is necessary to consider what is known concerning the 
processes occurring during slow combustion and ultimately giving rise to 
it. It is well known that chemical change may occur in a gaseous explosive 
mixture at a much lower temperature than is required to develop flame, 
and according to the classical view of Arrhenius, the rate of slow com. 
bustion in any particular case is controlled by the number of molecules 
the energy of which exceeds the required activation energy, Z, this number 
being approximately proportional to e~*/"". According to this view, 
raising the temperature speeds up reaction in proportion to the increase 
in the number of such activated molecules, and an ignition temperature 
of any particular explosive mixture has been defined as that temperature 
to which the medium must be raised so that the heat lost from the system 
by conduction through the walls of the enclosure is more than counter. 
balanced by the rate at which it is evolved by the reaction. The process 
thus becomes self-accelerating, the temperature rising until ignition occurs 
and flame appears. 

In recent years, however, many phenomena have been recognized which 
have tended to invalidate the universal application of this simple thermal 
view. Among these, mention may be made of :— 


(a) The observation of an abrupt transition with some small change 
in experimental pressure (or temperature) from an immeasurably slow 
reaction to explosion and vice versa. 

(6) The disproportionate influence of traces of substances acting as 
inhibitors and promoters in controlling reaction rate. 

(c) The accelerating effect on slow combustion of addition to the 
explosive media of inert diluent gases. 

(d) The striking retardation of slow combustion by decreasing the 
diameter of the containing vessel, and 

(e) The dependence of the reaction rate on the absolute concentra- 
tion of one of the reactants and not on the other. 


In amplification of (a), for example, mention may be made of the 
phenomenon of low-pressure ignition limits which, although first observed 
a century ago, more particularly in regard to the combustion of phosphorus, 
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was overlooked until comparatively recently.!_ Its occurrence has now 
een confirmed with most simple combustibles, and this has led to results 
of great significance in relation to the development of modern kinetic 
theory.2 Briefly, if at a suitable high temperature, certain explosive 
mixtures are admitted to an evacuated vessel, they ignite spontaneously, 
vided the experimental pressure is (a) above a certain minimum value, 
p,* (usually much less than 100 mm. mercury), but (6) below another 
higher pressure, p,, above which the mixtures are again non-ignitable. 
At some still higher pressure, p,, a third pressure limit is found, corre- 
sponding, no doubt, with the type of spontaneous ignition with which we 
are normally familiar at atmospheric pressure. While perhaps it may be 
contended that such low-pressure ignition limits are without significance 
from the practical point of view, it has to be admitted that they indicate 
the operation of kinetic processes which must, to a greater or less extent, 
play some part in the spontaneous ignition of explosive mixtures generally. 
Also in amplification of (6), it will not be necessary to remind members of 
this Institute of Midgeley’s discovery of the influence of lead tetra-ethyl 
in‘ suppressing “‘ knock,” its effectiveness being now attributed to its 
marked retardation of the slow combustion processes ahead of the flame 
in the cylinder head of an engine. In the same category may be placed 
the well-known discoveries of H. B. Dixon, firstly that the combustion of 
carbon monoxide is promoted by comparatively small amounts of water 
vapour,® and secondly that the presence of traces of NO, induces in a 
remarkable manner the spontaneous ignition of inflammable media 
generally. It may be recalled that Dixon, finding his determinations of 
the spontaneous ignition points of diethyl ether in nitrous oxide un- 
reproducible and on repetition tending to get lower and lower, tested under 
the same conditions mixtures of hydrogen in air which had previously 
never let him down; and he was astonished to find that these mixtures 
also ignited some 150° C. lower than was usual. Eventually, the abnormal 
results were rightly attributed to the presence of traces of NO, left from 
the products of the previous ether—nitrous oxide ignitions. NO, is now 
known usually to depress ignition points at atmospheric pressure until an 
optimum concentration of it in any particular case has been added, further 
additions being less effective.5 
It is now well known how such apparent abnormalities have been linked 
up with the remarkable quantum yields sometimes observed in photo- 
chemical reactions; and in the hands of Semenoff and Hinshelwood they 
have been satisfactorily explained on the basis of the modern chain theory 
of chemical reactions, whereby it is recognized that the progress of an 
exothermic process depends on specific encounters between certain reactive 
species. Insofar as the relative concentrations of these in the early stages 
of a reaction are small, any factor either increasing or decreasing them will 
have an apparently disproportionate influence on the time of completion 
of the reaction in question. In chain reactions the velocity depends on a 
time factor. Assuming initially no temperature change in the system, 
rate = Ae*, where A = const, ¢d = the net branching ¢ probability and 
* Below p, homogeneous reaction is negligible. 
+ “ Branching ”’ is the expression employed to denote multiplication of chain 
carriers, 
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t= time.* If ¢ is greater than zero, the number of reactive centreg op 
which the reaction velocity depends will increase exponentially with time 

There has been much speculation as to the nature of the reactive species 
promoting reaction in any particular case; at first these were considered 
as likely to be hot products of interaction which did not pass on energy 
by indiscriminate collision to the system as a whole, thereby causing 
general temperature rise ; but by specific encounters with suitable reactant 
molecules, passed it on quantum-wise (bodily). Such a chain is referred 
to as an “ energy ”’ chain. 

The discovery of the photo-sensitization of combustion, however, led to 
the view that the centres promoting combustion are more likely to be g 
reactive chemical species, and the participation of atoms and free radicals 
is nowadays frequently postulated. Thus, for example, the combustion 
of hydrogen is regarded as involving reactions requiring atomic oxygen 
and hydrogen as well as radicals such as OH and HO,. The following is 
the sequence of events postulated by Hinshelwood and Williamson‘: 
H + 0, = HO,, HO, + H, = H,O+ OH, OH + H, = H,O + H, the 
centres being multiplied by processes such as H + O, = OH +90, 
O+ H,=OH+H. Any change, particularly at the commencement of 
reaction, in the absolute concentration of any of the reactive species 
indicated, e.g., H, O or OH, will obviously materially affect its progress. 

The Simpler Hydrocarbons.—In the light of the foregoing, we may 
consider briefly the behaviour of the simpler hydrocarbons during slow 
combustion. The classical researches of the late Professor Bone and his 
collaborators showed that in the oxidation of a hydrocarbon a series of 
intermediate oxygenated compounds is formed which, according to his 
view, arose by successive stages of hydroxylation. Nearly all the 
predictable intermediate products or their thermal decomponents were 
isolated in quantities depending on such factors as mixture composition, 
the working pressure and the circumstances of environment, as follows: 
With methane: methyl alcohol, formaldehyde, and formic acid were 
found; with ethane: ethyl alcohol, acetaldehyde, acetic acid, methy| 
alcohol, formaldehyde, and formic acid; and with ethylene: C,H,0.- 
isomers (acetaldehyde and ethylene oxide), acetic acid, formaldehyde, and 
formic acid. A variety of other products due to secondary reactions were 
also found, as well as substances of peroxidic character. In recent years 
discussion has centred mainly upon the possible kinetic mechanisms which 
lead to the formation of these products; there is, for example, doubt as 
to whether a simple hydroxylated molecule such as an alcohol is necessarily 
the immediate oxidation product. It may well result as the outcome of 
suitable encounters between other species. 

When a hydrocarbon-oxygen mixture is introduced into a suitably 
heated enclosure, active combination does not immediately ensue; there 
is frequently an “induction ”’ period during which very little oxygen is 
consumed. At the completion of this period, an interval of relatively 
rapid reaction sets in, during which the greater part of the hydrocarbon 
or oxygen, whichever is in defect, is used up. Usually also, with increase 
in the experimental pressure or temperature, the reaction accelerates, so 
that under suitable conditions spontaneous ignition may ultimately occur. 
At the reduced pressures at which the low-pressure ignition limit phenomena 
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"res on (p. 461) are observed, spontaneous ignition may be controlled essentially 
i time, by factors influencing the breaking and branching of reaction chains; at 
SPecies higher pressures, chain propagation may also be accompanied by 
sidered temperature rise in the system, which in turn increases the concentration 
energy # of active centres and leads to the type of spontaneous ignition with which 
wusing # ye are normally familiar. 

actant The “induction” periods referred to may vary from a matter of a 
‘ferred fraction of a second to a few hours, depending on the combustible con- 





cerned, the working pressure and temperature, etc. Also, with the simpler 





led to hydrocarbons, the most reactive mixture is found when the combustible— 
» bea oxygen ratio is between 1:1 and 2:1; with more complex molecules, 
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however, there is a tendency for this ratio to be even higher. 

It is of particular importance to note that many of the intermediate 
oxygenated products when added to the combustible media are found 
powerfully to promote reaction and aldehydes as a class are specially 
potent in this regard. Having in mind the general expression of Semenoff, 
Vy = Ae®, it may be seen how the induction period can be accounted for 
when ¢ is very small but positive, and such a condition may be attributable 
to the formation of an intermediate product not necessarily influencing 

































pecies B the primary reaction chain until a critical concentration of it has been 
= attained in the medium. It may be further visualized how ¢ may either 
may § decrease to a low value, or markedly increase, due to the part played by 
slow the chains initiated by intermediate products. This conception, usually 
id his B referred to as “ degenerate branching,” is supported by many experimental 
es Of B observations. Thus, Bone and Hill,” when studying the slow combustion 
© his § of an equimolecular ethane-oxygen mixture at 316°C. and 710 mm. 
| the pressure under conditions when normally reaction proceeded quite slowly, 
Were & found that the presence in the medium of | per cent. of acetaldehyde (an 
tion, § intermediate product) caused an immediate ignition. Later, Bone and 
OWS: & Gardner ® made a special study of the part played by formaldehyde in the 
were & slow combustion of an equimolecular methane-oxygen mixture, finding 
ethyl B the aldehyde not only powerful to promote the slow combustion 
H,0- generally, but also at the end of the “ induction period” an equilibrium 
and proportion of it was always present, irrespective of the particular reaction 
were & temperature. This agreed well with the view of Norrish that in the 
‘ears @ oxidation of methane a primary chain is propagated by oxygen atoms 
hich § which first arise by the oxidation of formaldehyde formed by a surface 
6 hs reaction, as follows :— 
~ (1) HCHO + O, = H-CO,H + O 
followed by the chain 
ably 2) CH, + O = :CH, + H,0 
here (3) (CH, + O, = H-CHO + 0. 
a Chain branching in the gas phase may occur by the further production of 
aon 0 atoms, thus :— 
nase (4) H-CHO + 0, = H-CO,H + 0. 
» 80 Norrish regarded the formation of methyl alcohol as arising at sufficiently 
cur. § high pressures by the triple collisions, CH, + O + X = CH,OH + X’, X 





being a third body (de-energizer) rendering the product stable. 












464 TOWNEND AND MACCORMAC: THE INFLAMMATION OF 


Another chain mechanism has been proposed by Lewis and von Elbe! 
involving OH radicals instead of O-atoms as the principal “ carriers” 
this has been still further elaborated to meet the more complicated 
reactions observed with higher hydrocarbons. The chain suggested fo, 
the combustion of methane is given below, the formaldehyde produced by 
surface reaction being assumed to give rise to OH radicals, which react 
with the methane in the primary chain, thus :— 

(1) H-CHO + 0, = H-CO, + OH 

(2) OH + CH, = H,O + -CH, 

(3) -CH, + O, = H-CHO + OH 

(4) OH + H-CHO = H,O + HCO 

(5) HCO + O, = HO, + CO 

(6) HO, + H-CHO = H,O + CO + OH. 


Such views as these are now undergoing examination in various 
laboratories, but some long time will no doubt elapse before any final 
interpretation is forthcoming of the correct mechanism whereby even such 
a simple hydrocarbon as methane may be oxidized; the foregoing, 
however, serves to illustrate the present trend of thought. 

With higher hydrocarbons and their derivatives, the combustion processes 
are even more complex, due to the survival of intermediate products which 
give rise, in certain low-temperature regions (300-400° C.) to luminescent 
phenomena, a matter which will be discussed later. Such phenomena 
may be related to the formation of peroxidic bodies, the presence of which 
was confirmed during 1925-27 by Callendar and Mardles,!° Egerton and 
Gates ' and by Dumanois Mondain-Monval and Quanquin.'? Egerton 
was the first to apply the chain reaction view to the theory of combustion 
of such hydrocarbons and at that time thought an energy-chain mechanism 
resultant upon peroxide formation to be operative; more recently, with 
other collaborators, he has preferred a radical-chain rather than an energy. 
chain.”* During the past decade discussion on this subject has been to 
some extent of an academic character as to whether peroxides taking part 
in the combustion of higher hydrocarbons are primary peroxides or the 
outcome of secondary processes. 

The Determination of Ignition Temperatures.—From what has been said 
it will be obvious that an ignition temperature can no longer be regarded 
as a physical constant, as was at one time supposed, and any such 
determination can only be regarded as pertaining to particular experimental 
circumstances. Further, the question of the relative time-lag (which 
involves both the “ induction ” and “ reaction ” periods prior to ignition) 
is of the utmost importance, for any particular stated ignition temperature 
might be materially lowered were a longer time-lag possible than that 
allowable by a particular experimental method. 

The principal methods which have been employed to determine 
spontaneous ignition temperatures are :— 

(1) Dixon and Coward’s concentric-tube method,™ (2) that of admitting 
an explosive mixture to an evacuated heated vessel (Mallard and Le 
Chatelier) 15; (3) the oil-drop method, due to Holm ™;. and (4) the 
adiabatic compression method (Dixon, Tizard and Pye).!7 

These are well known, and described elsewhere.'* (1) Suffers in that it 
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,fords no information as to the effect of varying the proportion of 
combustible in air, and the ignition points are presumably the outcome, 
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riers ® 
plicated J following the inter-diffusion of the reactants, of a homogeneous reaction, 
ited for HF jittle affected by surface phenomena. The method has enabled a study 
iced by IF to be made of ignition points over wide pressure ranges and with varying 
h react pre-flame time-lags; the results are in general agreement with those 
determined by other methods. The method (2) of passing an explosive 
mixture into an evacuated vessel heated to a known temperature has been 
widely employed. The results obtained, however, depend to some extent 
both on the dimensions and the nature of the surface of the vessel 
employed ; moreover, although the variation of ignition temperatures with 
time-lag is normally easily measurable, this becomes difficult when con- 
ditions of very short lag are under observation, owing to the necessity of 
the small time interval required for the operation of filling. In badly 
‘arious fF designed vessels also, if filling be too violent, ignition may be induced by 
y final B “shock.”” The method, generally speaking, is, however, a good one, and 
a such # it has been used extensively in the determination of low-pressure ignition 
going, § |imits,? as well as of ignition temperatures at high pressures.’ The oil- 





drop method (3) is almost the only method employable when high-boiling- 
point fuels are under test, for they can only be handled in the vapour 
phase with difficulty, and at temperatures at which they would either 
oxidize and/or polymerize. The possible variations in working—e.g., drop 
size, the nature of the surface, velocity of the supporting atmosphere, 
ete—have, however, led to some discrepancies in published results; 
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1 and # moreover, it is not possible to define the precise combustible—air mixture 
erton # to which an ignition relates. The adiabatic compression method (4) 
stion § requires special technique, and difficulty rests in calculating accurately the 
nism —§ exact temperature and pressure to which an ignition relates. Further, the 
with § method cannot be applied to work at the comparatively low pressures 






which have been found of such interest in ignition-temperature work 
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part “Cool” Flames.—During the past ten years a number of investigations 
* the & into the combustion of hydrocarbon fuels have been carried out, principally 
with the view of throwing light on internal-combustion-engine problems. 
said § These have shown that when three or more carbon atoms are present in 
rded § the molecule, additional complications arise owing to the incidence of 
such § processes which give rise over certain temperature ranges to the phenomena 
ntal associated with “cool” flames. Such flames, which are of pale-bluish 
hich § appearance, are in certain circumstances propagated through the explosive 
‘ion) media, combustion being incomplete and resulting in the formation of 
ture § intermediate products strongly aldehydic in character. Thus, Pope, 
that # Dykstra and Edgar,” for example, showed that the initial oxidation of 
higher paraffin hydrocarbons commenced at 150-200°C., and although 
nine § it became active between 250° and 270° C., and even mildly explosive at 
270-300° C. with “cool” flames propagating through the media, at 
ting higher temperatures still combustion became less rapid, until 500° C. had 
Le § been reached. Pease *! observed a similar behaviour with propane-oxygen 
the § mixtures, and a temperature region in which reaction velocity actually 
decreased with temperature became recognized. About the same time, 
t it § “cool” flame phenomena at atmospheric pressure formed the subject of a 
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special study by Prettre,* who showed that while they were not observable 
with methane and ethane, rich mixtures of paraffins higher than propane 
gave rise to them. They were less easily detectable with higher olefings 
and alcohols, but aldehydes and ethers readily exhibited them. “ (oo]” 
flames have also been observed, although they were not recognized as such, 
in determinations of ignition temperatures by the oil-drop method (ef. 
Coffey and Birchall *; also Thompson ™). 

The Influence of Pressure.—Much light has been thrown on the subject 
in recent years by the systematic determination of ignition points over 
wide pressure ranges.’ With the higher paraffins, for example, whereas 
at low pressures ignition does not occur below 500° C., on the attainment 
of a critical pressure, which varies with the material concerned and with 
the composition of its mixture with air, it occurs abruptly in a temperature 
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IGNITION POINT CURVES OF CORRESPONDING MIXTURES WITH AIR OF 1, METHANE; 
2, ETHANE; 3, PROPANE; 4, BUTANE; AND 5, HEXANE. 


range below about 370° C., which will now be remembered as that in which 
only “ cool’ flames are normally observable. As the outcome of this new 
work, the subject has been brought much closer into line with recent 
developments in our knowledge of the kinetics of chemical processes; for 
it is now appreciated that the absolute concentration or partial pressure 
of the reactants in any particular case is quite as important a factor as 
the experimental temperature. Moreover, in line with the experiments 
on slow combustion, there are temperature ranges in which some explosive 
mixtures are far more susceptible to spontaneous ignition than in others, 
no doubt owing to the formation and longer life of specific intermediate 
products. 

The Paraffin Hydrocarbons.—The heated-vessel method was employed 
in this work; alteration in the dimensions of the vessel or in the material 
of its surface, while influencing according to circumstances the precise 
location of the ignition temperature curves, was without effect on the 
general character of the phenomena about to be described. 

In Fig. 1 a series of curves has been drawn showing the influence of 
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pressure on the ignition points of corresponding rich mixtures with air of 
methane, ethane, propane, butane and hexane (curves 1, 2, 3, 4 and 5). 
The curve for the methane-air mixture fell rapidly from above 700° C. to 
about 500° C. as the pressure was raised to 5 atmospheres; thereafter 
it fell progressively to about 460°C. with increase of pressure to 30 
atmospheres. 

With the ethane-air mixture (No. 2) at pressures up to 15 atmospheres 
the curve was as found with methane, ignition now occurring at somewhat 
lower temperatures. At this pressure (and at about 430° C.), however, a 
sharp inflection occurred, the ignition points following an imposed lower 
system, settling down to temperatures about 325-340°C. at 25-30 
atmospheres. Another interesting feature of this work relates to the pre- 
ignition time-lags, or, in other words, the delays which occur between the 
completion of the filling operation and the occurrence of ignition, com- 
prising both the induction and initial reaction periods. Whereas with 
methane these lags had increased progressively from 3 to 40 seconds, with 
fall in the ignition points to about 460° C., with ethane the increase was 
from 20 seconds at 550°C. to a few minutes at 435°C., the point of 
inflection; thereafter the lengthening was very marked, and at 325-340° C. 
the lags had reached 2 hours or more. In spite of the length of such 
lags, the results were remarkably reproducible. 

In the early stages of these investigations it was considered not unlikely 
that at the lower temperatures some comparatively unstable material 
might well be responsible for the superposed lower system; in particular, 
acetaldehyde, which is known strongly to promote the combustion of 
ethane at 316° C. (cf. p. 463), might well function in this way. This was 
soon borne out by a comparative study of the ignition-point curves of 
ethane-air mixtures with and without the addition of acetaldehyde (Fig. 
2) for the addition of 1 per cent. of it to a 13 per cent. ethane-air mixture 
not only markedly promoted combustion in the lower system, but reduced 
the time lags from more than 2 hours to a few seconds. Moreover, the 
effect was limited entirely to the lower system, for above 435°C. the 
aldehyde had no influence whatever; if anything, it tended to retard 
the ignitions. 

With all paraffins containing three or more carbon atoms (curves 3, 4, 
5, Fig. 1, relate to the propane-, butane— and hexane—air mixtures, 
respectively) an abrupt fall in the ignition points occurred at critical 
pressures, an important observation being the occurrence of two pressure 
minima of ignition, one at about 280-330°C. and the other at about 
340-370° C., both minima being lowered with increasing length of the 
hydrocarbon chain. Moreover, as the series was ascended, not only did 

the minimum pressures for ignition decrease, but the pre-ignition time 
lags were also materially reduced; for instance, lags of the order of 3 to 
5 seconds with propane were reduced to less than 0-5 second with heptane. 
In all cases, also, additions to the explosive media of higher aldehydes 
facilitated ignition, this being marked in the temperature range below 
450° C. 

The “ Cool”’-Flame Ranges.—With members containing three or more 
carbon atoms in the molecule there were also pressure and temperature 
limits within which “cool” flames were propagated, those for three 
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propane-air mixtures being illustrated by the shaded areas associated with 
the curves 1, 2 and 3 (Fig. 3). As already indicated, when “ cool ” flames 
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were propagated a slow-moving pale-bluish flame of incomplete combustion 
was observable through windows provided in the explosion apparatus. 

These “cool” flames occurred after a definite time-lag of the order of 

90-30 seconds at the lower temperature boundary; as at any selected 

pressure the temperature was raised these lags were appreciably shortened, 
and the “ cool” flames became more intense up to about 360°C. Above 
this temperature the lags became very short and the intensity of the 
flames rapidly diminished, until above the upper temperature limit they 
were no longer observable. At a stated temperature the “cool” flames 
also increased in intensity as the pressure was raised from the lower 
pressure limit; and when a pressure adequate for true ignition was 
attained, a two-stage process occurred, the full ignition following at a 
definite short interval after the formation of a “ cool ” flame. 

The results of the earlier work on cool-flame formation at atmospheric 
pressure can now be seen in their true perspective, and the restricted 
information from experiments carried out solely at one accidental pressure 
is at once appreciated. 

The time-lags also decreased as the pressure was raised from the low- 
pressure limit, and in general obeyed the relationship tP* = K (where 
{= time-lag, P = pressure of combustible plus oxygen) first deduced by 
Neumann and Egorow for methane-oxygen mixtures at 700°C.*° This 
expression has been elaborated by Neumann and Avazov,** so as to relate 
the time-lags for cool flames not only with pressure, but also with 
temperature, nitrogen dilution and vessel diameter. Prettre has also 
established a similar pressure-time lag relationship with pentane—-oxygen 
mixtures.?? 

Until recently, the time-lag—pressure relationship had not been extended 
to very high pressures owing to the difficulties of such work. Kane ** 
(cf. also Belov and Neumann) ®* has now made a notable advance in the 
subject at South Kensington by studying the influence of pressure on the 
time lags at pressures up to 15 atmospheres, with an accuracy of ,4, 
second, and he has shown in any particular case that on the attainment 
of a critical pressure the two-stage ignition process passes into a single- 
stage ignition which is extremely violent; so long as the two-stage process 
was operative, the expression ¢P" = K held good, but when the single- 
stage ignition was observable, this was no longer the case. 

The spontaneous ignition of undiluted hydrocarbon—oxygen mixtures is, 
of course, accompanied by similar occurrences, and although effected at 
lower total pressures, it is frequently very violent, particularly if the 
minimum pressures are at all exceeded. A knowledge of their behaviour 
is none the less essential for a complete kinetic interpretation of the 
phenomena concerned, and a number of investigations to this end with 
these mixtures have been made, notably by Neumann,** Prettre *® and 
Newitt and Thornes.*! Newitt and Thornes made a close examination 
of the ignition phenomena observed with an equimolecular propane-oxygen 
mixture in silica vessels, and also of the intermediate products at all 
stages of the combustion, which has thrown further light on the subject; 

of interest has been their observation that in certain pressure and 
temperature ranges it is possible for as many as five “cool” flames to 
succeed one another at intervals. On the basis of their experiments it 
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was concluded that a necessary condition for spontaneous “ cool ’’-flame 
initiation was the attainment in the medium of a critical concentration of 
higher aldehydes. During the passage of the flame the aldehydes were 
in part destroyed and in part further oxidized to aldehyde peroxides 
and/or peracids, and ultimately formaldehyde. During the subsequent 
period before a second “ cool ”’ flame the aldehydes accumulated again up 
to a requisite concentration. Large amounts of propylene were also 
found in the gaseous reaction products, and the reactions by which this 
and the higher aldehydes were formed were thought to be related, 
Avazov and Neumann ** adopted the view that “ cool” flames are formed 
when the peroxides and aldehydes reached a certain critical concentration; 
quite recently also Neumann and Tutakin ** have reported observations 
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curves 1, 2, 3 AND 4 ARE FOR THEORETICAL MIXTURES OF ETHYLENE, PROPYLENE, 
BUTYLENE AND AMYLENE. SHADED AREAS DENOTE PRESSURE AND TEMPERATURE 
LIMITS FOR “‘ COOL FLAMES’, (KANE AND TOWNEND.) 


on the thermal decomposition of diethyl peroxide, indicating that the 
minimum critical pressure for its self-propagating luminescent decom- 
position agrees with the partial pressure of peroxides determined with a 
butane-oxygen mixture at the minimum “cool ”’-flame pressure. Harris 
and Egerton * have also studied the effect of additions of small concen- 
trations of diethyl peroxide to a propane-oxygen mixture, finding that 
while the induction period was materially reduced, the subsequent reaction 
period was apparently uninfluenced by its presence. 

The complexity and interplay of the processes concerned call for some 
hesitation in accepting at present any one particular view, for there is a 
very great deal still to be learned. 

The Olefine Hydrocarbons.—Recently the investigations under pressure 
have been extended to cover observations with the simpler olefines: 
ethylene, propylene, «-butylene and a-amylene.* In Fig. 4 curves 1, 2, 
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3 and 4 show the influence of pressure on the ignition points of theoretical 
mixtures with air of these materials, the shaded areas defining the pressure 
and temperature limits within which “cool” flames were observable. 
Generally speaking, the olefines behave in a manner not unlike that of 
the corresponding paraffins. Thus ethylene behaves like methane, and 
although propylene and butylene do not reveal marked pressure minima 
of ignition, the ignition-point curves exhibit a sharp fall over narrow 
critical pressure ranges in the temperature ranges where cool flames are 
observed. With five carbon atoms in the molecule, however—i.e., with 
amylene—the ignition-point curve shows all the characteristics typical of 
higher paraffin—air mixtures. 

While the behaviour of the simple olefines under pressure is not unlike 
that of corresponding paraffins, the main difference lies in the fact that 
both the luminosity and intensity of the “‘ cool ” flames are much less with 
the former; moreover the pressures at which they give rise to ignition 
are not abnormally reduced, as is the case with the paraffins, until the 
saturated end of the chain contains at least three carbon atoms; lastly, 
the time-lags are not only greater with the olefines, but decrease less 
rapidly with increase of pressure. All these facts indicate that the processes 
operative in the low-temperature system are less intense than with the 
paraffins. 

There would seem no reason to postulate any difference in the inter- 
mediate products or chain initiators responsible for promoting reaction in 
both series. As with the paraffins, it is likely that they result from the 
formation of higher aldehydes, and the less vigorous behaviour of the 
olefines may be attributable to a slower building up of active centres 
depending on aldehyde concentration by virtue of difference in the chemical 
stages involved. This view would be in keeping with what is known 
concerning the respective stages possible in building up higher aldehydes 
from, say, propane and propylene; cf. Bone,®® Norrish,** Beatty and 
Edgar.*? 

Other Combustibles—The ignition temperature determinations under 
pressure have been extended to other combustibles, including alcohols,** 
aldehydes,** ethers,** “ ketones “ and benzene, and the reader particularly 
interested in the subject is referred to the original papers. 

The ignition-point curves of formaldehyde and methyl alcohol simulate 
that of methane, the more oxygenated bodies, however, being more easily 
ignited. Acetaldehyde and ethyl alcohol are also more easily ignitable 
than ethane, but whereas ethane and ethyl alcohol curves reveal merely 
a simple low-temperature system (Figs. 1 and 2), acetaldehyde gives rise 
to a very pronounced one, and is, moreover, probably the simplest material 
definitely to exhibit ‘‘ cool” flames. There can be little doubt that the 
intermediate formation of acetaldehyde is responsible for the composite 
nature of the curves found with ethane and ethyl alcohol. 

Further complications arise with the ethers, as they give rise to two 
“cool ”’-flame systems. A lower “ cool”’-flame zone located at about 
200° C. appears to be initiated by the primary oxidation of the ether, 
whilst a secondary zone located at temperatures above 300-350° C., as 
found with hydrocarbons, is obviously initiated in the same way as the 
“cool” flames found with the latter; these matters, however, need 
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further investigation. Lastly, acetone” gives rise to “cool” flames at 
adequately high pressures; benzene, however, behaves like methane, being 
non-ignitable below 550° C. at pressures up to 15 atmospheres. 

The Influence of Inhibitors and Promoters.—In general accord with the 
chain theory of the processes occurring in combustion, it has been found 
that spontaneous ignition points may be materially influenced by the 
presence in the explosive media of traces of materials acting either as 
inhibitors or promoters. Reference has already been made, for example, 
to the part played by aldehydes formed intermediately in the combustion 
of hydrocarbons in promoting the reaction as a whole; a trace of ether 
vapour has also been found to act in the same manner. Lead tetra-ethy| 
has been found (in common with the results of other researches) to inhibit 
combustion so that higher pressures are required to effect ignition over 
the whole temperature range. The importance of this effect is very 
marked at certain pressures, because spontaneous ignition in the “ cool ” 
flame temperature range is inhibited unless higher pressures are employed; 
this has the effect of raising the ignition temperature some 200° to the 
higher range (say, 500—-600° C.). 

NO, is also very interesting in the réle it plays in the combustions.™ 
In the higher temperature range traces of it promote ignition in a 
remarkable way, just as is found with other combustibles—e.g., H, and 
CO*. In the “cool ”’-flame range, however, traces of NO, are usually 
ineffective in influencing “ cool ’’-flame initiation ; but when added in larger 
amounts, ignition is far more easily induced, but it is then unaided by 
prior “‘ cool ”’-flame formation. Reference should also be made to H. B. 
Dixon’s investigations relative to the respective influences of traces of 
iodine, ethylene dibromide, isoamyl bromide, and bromobenzene, and of 
phosphoryl chloride in larger amounts, in inhibiting combustion and 
raising ignition points at any particular pressure (Coward, J. chem. Soc., 
1934, p. 1382). 

Summary of Ignition Temperature Data.—For the convenience of the 
reader specially interested in this subject, we have tabulated data in 
Table I indicating in the first column ignition temperatures as near as 
they are known pertaining to theoretical mixtures of various combustible 
media at atmospheric pressure; as the theoretical mixture is rarely that 
most easily ignitable, in column 2 we have given what we consider to be 
the lowest ignition temperature ever likely to pertain to any mixture 
with air of a particular combustible. We have also indicated where 
necessary the occurrence of “cool” flames in the temperature range 
300-400° C. Also, as already explained, not every complex combustible 
gives rise to cool flames at atmospheric pressure, and we have therefore 
indicated in columns 3 and 4 the approximate pressures which would have 
to be reached before “ cool ”’-flame propagation, or spontaneous ignition 
subsequent thereon, respectively, would be likely to occur in any particular 
case. In column 5 we have added, for general guidance, any remarks 
likely to help in assessing possible ignition points under other special 
circumstances. 

While, for general purposes, conditions pertaining to atmospheric 
pressure are those which are perhaps of greatest value, as already indicated 
industrial processes are now operative which involve the oxidation of 
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inflammable media under pressure; on this account it is hoped that the 
data given in columns 3 and 4 may be of value. 



























Limits oF INFLAMMABILITY. 


An inflammable mixture is usually defined as one in which flame cap 
spread to any distance, independently of, and away from, the origina] 
source of ignition; and there are, under given physical conditions, both 

‘lower ” and an “ upper” composition limit of inflammability within, 
but not outside, which self-propagation of flame will take place once 
ignition has been effected. The limits differ slightly with the position of 
the source of ignition, since flame progress may be assisted by convection 
currents depending on whether it has to pass in an upward or downward 
direction. The simple example of methane—air mixtures is as follows :— 


Upward. |p Downward. | Horizontal. 





| 
Lower limit (°4 methane in air) . oa 5-00 6-00 | 5-40 
Upper limit ‘ , . ‘ es 15-00 13-53 13-95 


The precise limits also depend on the dimensions of the vessel in which 
they are determined, and on whether the explosive mixture is at rest or 
in motion. For all practical purposes, however, upward propagation in 
a 7-5-cm.-diameter tube may be taken as representing almost optimum 
conditions for flame propagation; and in Table II representative vuiues 
mostly pertaining to such a tube have been tabulated. 

It is of interest to note that, as originally pointed out by Sritiien: nd 
Wheeler,’ the low limits of inflammability appear to be defined by ‘heir 
available heat content. Thus, if a calculation be made of the heat 
available in the mixture of low limit composition, it is found in all cases 
to approximate to 1000 calories, which would be expected to allow of 
a flame temperature approximating to 1150° C. An exception is found with 
inflammable materials having a low ignition temperature, such as carbon 
disulphide ; also no such relation has been found for the mixtures of upper 
limit composition. This might be expected, owing to the varying degrees 
of partial combustion likely to be met with when the oxygen content of 
the mixture is in defect. 

Ranges of inflammability widen with increasing temperature; thus, for 
example, for downward propagation of flame White * found : 


- H,-air. | C,H,-air. | CO-air. | C,H,-air. | CH,-air. | nC,H,,-air. 
17 | 94-71-5 | 2-9 -55-0 16-3-70-0 | $-45-13-7 | 6-33-12-9 | 1-53-45 
100 | 88-735 | 2-68-65-0 | 14-8-71-5 | 3-20-14-0 | 5-95-13-7 | 1-44-4-75 
200 | 7-9-76-0 | 2-39-81-0 | 13-5- 73-0 | 2-95-14-9 os 14-6 | 1-34-5-05 
400 6-3-81-5 | 2-19- | 11-4-77-5 -i" 2-75-17-9 | —16-6 | 1-22-5-35 


Briand, Dumanois and Laffitte “ have also studied the influence of 
temperature on the ranges of inflammability of mixtures with air of 
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Taste Il. 
Limits of Inflammability of ¢ c ombustibles in Air. 





Direction of Propagation. 


Combustible. 








Upward. _ Horizontal. Dow nward. 
Methane ° . . 50 -15-0' | 5-40-13-05 8 5 95-13° 53° 
Ethane rn See de 312-1495" | 3 15-12-85 * 3-26-10-15 
Propane ; . ° 2-37- 950* | — om 
Butane . ° . 1-86- 841° — —- 
isoButane ° 1-80- 8 44* - —_ 
Pentane 1-40- 7-80 * 1-44— 7-45 * 1-48- 4-64" 
isoPentane *1-32- — 1-43— 4°85 * 
Hexane 1-25- 690° os 
Heptane * 1-00- 600° — a 
Ethylene *2-75-34-0 * 3-20-23-70 * 3°33-15-50 * 
Propylene 2-00-11-10 * 2-22- 9-30 * 2-26- 7-40? 
Butylene 1-70— 9-00 * 1-75- 9-00" 1-80- 6-25 * 
Acetylene *25 -800* 2-68-78-5 * 2-78-71-0 * 
Benzene ° *1-41— 7-45° 1-46- 6-65° 1-48- 555° 
Toluene ® ‘ . ° *1-27-— 675° 1:30- 580° 1:32- 460° 
eycloHexane * . . - | 1:33— 8-35 ** _ 1-:16- 434"* 
Methyl alcohol ® 18 6-72-36-5 * 7°35-30°5 * 7-65-26-5 * 
Ethy! alcohol * . | 3-56-18-0 “ 3-75-13-8 * 3-78-11-5* 
Acetaldehyde t¢ ° . 40 -17-0 4°23-16-7 4-27-13-4° 
(cool flames 17-0-61-5) *| (cool flames 21-48) * 
Diethyl ether t ei 1-71-48-0 1-75-15-0 1-85- 6-40° 
(true 7 cool ranges) * | | (cool flames 15° 0-35-0) ** 
Diviny! ether f ° ° 70-10°5 - _ 
(cool quan 10-5-26-5) 1s | 
Acetone . ; ° 2-55-12-80 ' 2-92-11-9 * 2-93- 860° 
Methy! ethyl ketone e 1-81-10-50 * 1-97-10-2 * 205- 760° 
Methyl! propyl ketone* . 1-55- 815° — _ 
Methyl butyl ketone*® 1-22- 8-00 _ — 
Ethy! acetate * ° ° *2-18-11-40* 2-35- 98° 2-37- 7-1° 
Hydrogen . ‘ ‘ 40 -75-0* *65 - 8-8 -74:5* 
Carbon monoxide. ‘ '* 12-50-74-2"" *13-6 - 15:3 -70°5* 
Carbon disulphide * . ° *1-25-50-0" 1-83-49-0 * 2-03-34-0 * 
Hydrogen sulphide . : 430-455 * 53 -35-0" 5-85-21-3 * 
Ammonia . ° ° 17-1 -26-4"* 17-4 -26-3° None * 
Cyanogen ° . 66-426" | - ~- 
Hydrocyanic acid : 56 -400" — 
Ethylene oxide . ° 3-00-80-0 *! —- 
Pyridine * ; ‘ 1-81-12-40* i 1-84- 98° 2-37- 7-1° 
Methyl chloride , : 8-25-18-70 * | -- — 
Ethy! chloride . , ° 4-00-14-80 * — _ 
Dichloro-ethylene . é 9-70-12-80 ™ ; -- | — 
Ethylene dichloride * a" 6 20-15-90 ™ —— | a 


* It should be noted that in order to reach the upper limits of these materials, temperatures above 
atmospheric (but lower than 100° C.) were necessary in order to attain an adequate vapour pressure. 
In such cases where an inflammable liquid is present an adequate temperature may therefore itself be 
a means of ensuring a non-explosive atmosphere (cf. Jones, ref. 12). 

t Cool flames cannot be propagated downwards in cold media. 
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acetone, benzene, cyclohexane, cyclohexene and isopentane, with result 
as follows :— 


Methyl 
Aastems. | Alcohol. 


Ethy 1 | Pre Ypyl 


Temp., . cyclo- cyelo- 
*¢. ; Alcohol. Alcohol, 


Hexene. 





6-15- 
5-80- 


2-78-8:70 | 685- | 3 
| 
233-075 | 5-45- | 2 








Our own results showing the influence of temperature on the inflammabk 
ranges of ether—air mixtures are illustrated diagrammatically later on (p, 
478). 

It has been found generally that, except when “cool” flames ap 
observed, the limits of inflammability increase linearly with increase of 
initial temperature in accordance with the classical thermal theory of 
flame propagation. 

As regards the influence of pressure, in 1928 Bone, Newitt and Smith # 
published the following “ explosion limits” for the following media in 
steel bombs at room temperature (i.e., 17° + 3° C.) :-— 


ee 


Mixtures. 10 atms. 50 atms. 125 atms. 








Hydrogen—air ‘ 10-2-68-5 | 
Carbon monoxide—air . : : 17-8-62-8 | 
Methane—air e ° . ‘ ‘ 6-0—-17-1 


10-0-73-3 
20-6-56-8 
5-4-29-0 


9-9—74-8 
20-7-51-6 
5-7-45:5 








Whereas the “ explosion ranges ’’ of hydrogen—air or methane-air media 
are widened (without much alteration in the lower limit) by increasing 
pressure, in the case of carbon monoxide—air media it is narrowed at both 
ends, the latter circumstance being partly due to the increasing dryness 
of the gases and partly also to an increasing effect due to nitrogen dilution 
with pressure. For further information as to the relative influences of 
these two factors, the original memoir should be consulted. 

In 1919, White made an important discovery with ether-air mixtures 
that in a 2-5-cm. horizontal glass tube there are two independent ranges 
of inflammability, one for normal flames (1-88-9-45 per cent.) and another 
for “ cool” flames (19-0-34 per cent.), separated by a range of mixtures 
which are incapable of flame propagation.” An important factor in his 
experiments was that while the normal flame range could be determined 
by spark ignition, the “cool ’’ flames were only initiated at atmospheric 
pressure by means of a heated wire. Subsequently White explored these 
two ranges at reduced pressures in a 4-5-cm. tube and discovered that 
there are two separate systems for each type of flame propagation which 
link up at about 600 mm. pressure (see Fig. 5). 

Townend and Chamberlain, ing a close analogy between 
White’s observations in regard to the “cool’’-flame ranges at room 
temperature and their own observations in spontaneous ignition experi- 
ments under pressure, examined the “cool”’-flame propagation in cold 
media more closely, particularly with the view of discovering whether at 
higher pressures the “ cool ” flames would give rise to “ normal ” ignitions, 
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as might be expected, and thus widen abruptly the upper limit of 
infammability for “normal” inflammation. Not only was this anticipa- 
tion fulfilled, but in collaboration with H. 8. Hsieh *’ it was discovered 
that at an adequate pressure, which is very critical, ignition occurs entirely 
as a subsequent occurrence in the combustion products behind the “ cool ”’- 
fame front. And further experiments left no doubt that the setting up 
of ignition by such a two-stage process in this way is the same phenomenon 
whether the “ cool’ flames are ignited spontaneously in heated vessels, 
or artificially by a hot wire in cold vessels, the crucial difference being 
that in any particular case a much higher pressure is requisite to effect 
ignition in the cold than in the heated media. 
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rusk “ COOL’ AND “‘ NORMAL ”’ FLAME RANGES OF ETHER—AIR MIXTURES, (A. G, WHITE.) 


The influence of pressure on the inflammable ranges of ether-air media 
is illustrated in Fig. 6 for determinations at temperatures of 20° C., 100° C. 
and 150° C., the percentage of ether in air being plotted on a logarithmic 
scale. The importance of initial temperature on the extent of the “ cool ”’- 
flame ranges will be at once apparent, for with these mixtures, raising the 
temperature from 20° to 150° C. not only lowered the minimum pressure 
for “cool” flames from 375 to 125 mm., but at the former pressure 
whereas at 20° C. “cool” flames were only possible with a mixture 
containing approximately 25 per cent. ether in air, at 150°C. the range 
extended from the normal flame limit (i.e., 9 per cent. ether in air) to a 
mixture containing approximately 62 per cent. ether in air. 

The general influence of pressure on the inflammable ranges of ether—air 
mixtures and, as will be shown later, on those of all inflammable materials 
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giving rise to both normal and “cool”’-flame systems, may best be & travels 
illustrated by reference to Fig. 7. gelocity 
The curve EAB may be taken as representing the normal flame rang J jures, d 
and CDH the “cool”’-flame range. A matter of great interest is that The | 
whereas the normal-flame range centres upon approximately the theoretical J « artific 
mixture for complete combustion (i.e., that with greatest heat content), of a set 
the “cool ”-flame range centres upon mixtures of composition having g the sim 
combustible ratio between 1:1 and 2:1 (and with some combustibles § game r: 
even higher), or those which would be expected to be most reactive during 
slow combustion. If the pressure of any particular mixture giving rise 
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INFLUENCE OF PRESSURE AND TEMPERATURE ON THE “ NORMAL’ AND “ COOL ”’ FLAME 
RANGES OF ETHER-AIR MIXTURES. 


DIAGRA! 
to “‘ cool” flames be raised to a critical value as indicated by the curve 
XG, a blue flame is formed some distance behind the “ cool ”’ flame in its pressu 
combustion products. In closed vessels this blue flame travels at a § with t 
velocity much greater than that of the “cool” flame, partly on account § inflam 
of the increased volume of products to which it gives rise. The events — made, 
subsequent upon the formation of the blue flame depend mainly on the | windo 


amount of oxygen remaining in the mixture. With little oxygen, the [ in acc 
flames will probably travel separately; with more oxygen, the blue flame The 
will increase in velocity and travel closely behind the “cool” flame, § diame 


coalescing with it and causing its velocity to increase. With still further — and o 
oxygen, the blue flame becomes a normal flame, and, once initiated, it windo 
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travels through the “cool” flame, replaces it and travels on with high 
velocity. In suitable circumstances, as with certain ether-oxygen mix- 
tures, detonation is set up. 

The recognition of the relationship between the “ spontaneous” and 

“artificial ” initiation of “‘ cool” flames, and the subsequent occurrence 
of a second flame likely to lead to normal ignition, indicated, owing to 
the similarity in spontaneous ignition experiments between the “ cool ”’- 
fame ranges of both ether and the higher paraffins, that at high enough 
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DIAGRAM SHOWING THE INFLUENCE OF PRESSURE ON THE INFLAMMABLE RANGES OF 
COMBUSTIBLES GIVING RISE TO “‘ COOL FLAMES.” 


pressures “ cool ’’-flame ranges ought to be found at ordinary temperatures 
with the higher paraffins. Accordingly a determination of the limits of 
inflammability of representative higher hydrocarbons has recently been 
made, and by working in an explosion vessel provided with quartz 
windows, Fig. 8, these “‘ cool ’’-flame ranges have been located precisely 
in accord with this prediction. 

The explosion vessel was provided with an explosion cavity 3-8 cm. in 
diameter and 15-3 cm. long; at one end it carried a plug fitted with inlet 
and outlet valves, and at the other a second plug carrying a quartz 
window for visual observation of the flames. An ignition plug P was 
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located at one end of the vessel, and three smaller quartz windows wer 
disposed along its horizontal axis; a mixture was considered within ong 
or other of the inflammable ranges when flame reached the side windoy 
at the end remote from the ignition plug. “Cool” flames wer 
characterized as usual by a slow-moving pale blue flame accompanied by 
low-pressure development and the production of intermediate products 
strongly aldehydic in character. The flames in the “ normal ” range gaye 
rise to much greater pressure development and more complete combustion; 
both of these conditions also characterized the initiation at an adequate 
pressure of the “ blue ” flame ignition behind the “ cool ”-flame front jn 
the other range. 

In illustration of some of the results obtained, reference may be made 
to Fig. 9, which shows the influence of pressure on the inflammable ranges 
of mixtures of hexane (a) in air and (6) in oxygen at temperatures of 100° 
and 150°C. Dealing first of all with the hexane-air mixtures at 150° C., 


L - Quartz Windows 

















EXPLOSION VESSEL FITTED WITH WINDOWS FOR DETERMINING INFLAMMABLE RANGES 
UNDER PRESSURE. 


it will be seen that at pressures up to 4-1 atmospheres there was only one 
range of inflammable mixtures—namely, that for normal flames. This 
was at first almost unaffected by increase in initial pressure, the lower 
limit being lowered by about 0-3 per cent. and the higher limit raised by 
about 1 per cent. of hexane at pressures up to 4 atmospheres. At pressures 
of about 4-1 atmospheres, however, a “ cool”’-flame range was located 
with mixtures of composition between 11 and 22 per cent. of hexane, the 
normal range at the same pressure extending over mixtures of hexane 
content between 1-2 and 7-0 per cent. The “normal’”’- and “ cool ’’-flame 
ranges were thus separated by a range of non-inflammable mixtures con- 
taining between 7 and 11 per cent. of hexane. At pressures higher than 
4-8 atmospheres the two ranges of inflammability became superposed so 
that at 6-5 atmospheres, for instance, mixtures containing between | 
and 14-5 per cent. of hexane were capable of propagating “ normal” 
flames, and those between 14-5 and 32 per cent. of it “ cool ” flames. 

The results obtained with hexane-oxygen mixtures correspond closely 
with those with the air mixtures; thus with the normal flames the lower 
limit varied little with increase of initial pressure, and the higher limit 
was progressively raised until at a pressure of 1-15 atmospheres at 100° C. 
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a “ cool ’-flame range became superposed 
thereafter an abrupt widening of the limits 
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INFLUENCE OF PRESSURE AND TEMPERATURE ON THE “ WORMAL”’ 


20 30 40 50 60 70 80 


Per Cent Hexane in Air or Oxygen 


Fra. 9. 


RANGES OF HEXANE-AIR AND HEXANE-—OXYGEN MIXTURES. 


- AND “CooL ”’-FLAME 


As in the case of the ether-air mixtures, with both hexane-air and 


hexane-oxygen mixtures the “ cool”’-flame ranges appeared to centre 
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upon the mixture of 1 : 1 combustible-oxygen ratio. Also at 150° C. the 
minimum pressure (0-9 atm.) for “cool”’-flame propagation with the 
equimolecular hexane-oxygen mixture corresponded roughly with the 
partial pressure of combustible plus oxygen in the hexane-air mixture 
at its minimum pressure (4:1 atmospheres). This emphasizes the import. 
ance of taking account of the absolute concentrations of reactants as 
distinct from any accidental total pressure if diluents be present, when 
considering such kinetic phenomena as may be responsible for “ cool” 
flames. The values of such partial pressures, however, may be materially 
affected by such factors as convection, which is known to exert a controlling 
influence on “ cool ’’-flame propagation. 

As far as experimental observations have been completed, “ cool ”’-flame 
ranges have been located at atmospheric pressure with the combustibles 
diethyl-ether, divinyl ether and acetaldehyde in admixture with air; and 
with paraffin hydrocarbons higher than pentane in admixture with oxygen; 
there is little doubt that many other hydrocarbons and their derivatives 
would give rise to “cool” flames in oxygen-diluted media at room 
temperature and pressure. Further exploratory work, however, remains 
to be carried out. 

With mixtures of the simpler paraffin hydrocarbons with air the following 
pressures at 100° C. have been found necessary to initiate cool flames :— 


Atmospheres. 
Propane . ‘ ‘ : 12 
Butane 10 
Pentane 8 
Hexane ; : , 5 
Heptane . . ‘ ° <5 


From the practical point of view the initiation of a “ cool” flame would 
of itself provide no great danger; a “cool” flame is hardly visible, and 
travels with a velocity of about 12 metres per minute, its maximum 
temperature not exceeding the upper temperature limit observed in 
spontaneous ignition experiments—namely circa 400°C. A real danger, 
however, exists from the fact that a “ cool ”’ flame may travel unobserved 
over a considerable distance, ~nd may act as a source of ignition giving 
rise to a true flame, with a subsequent violent explosion should it pass 
into a sufficiently explosive mixture. This might well occur, for example, 
if heavy vapours—e.g., that of ether—form a rich combustible-air mixture 
near the floor of a building; for brought in contact with a sufficiently 
heated body (i.e., of temperature between 170 and 400°C.) a “ cool” 
flame initiated thereby might well pass upwards into more explosive 
atmospheres. 

Influence of Foreign Gases.—According to the view of Mallard and Le 
Chatelier, the velocity of flame propagation is related to flame temperature, 
and at the limit the available heat is just sufficient to raise the medium 
ahead of the flame to an assumed ignition point. While it is now 
recognized that such a view is essentially qualitative, and that the 
reactivity of the medium ahead of the flame depends not only on the 
temperature gradient ahead of it, but probably also on the rate of diffusion 
of the molecules and species taking part in the reaction, in general, it 
conveys some idea of the processes concerned, It would therefore be 
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expected that factors controlling the reactivity of the medium ahead of 
the flame would also affect flame velocity. Insofar as inhibitors and 
promoters affect the processes leading to spontaneous ignition, they might 
also be expected to exert a like effect on the velocity of flame propagation 
in any particular case. So far, no work has been done on the influence 
of inhibitors on the limits for “ cool’ flames; this is a problem which we 
have now in hand in the Fuel Laboratories at Leeds. Such experiments 
as have been made on the limits for normal flames have led to little 
positive evidence that inhibitors have any great influence in narrowing 
them. Carbon monoxide appears to be an exception, however, for the 
influence of traces of water vapour would seem to be best explained on 
the basis of its facilitating chain propagation; and Egerton and Gates 
some few years ago ** succeeded in showing that the presence of small 
quantities of iron carbonyl materially reduced the velocity of slow-travelling 
flames through CO-air mixtures. Generally speaking, however, the ranges 
of inflammability of combustible-air media can be effectively narrowed 
by additions to either the combustible or the supporting atmosphere of 
diluent gases such as nitrogen or carbon dioxide, and the effect is such 
that it may be generally related with the heat capacity of the diluents. 
In this connection use has also been made of such non-inflammable vapours 
as those of the chlorinated hydrocarbons, not only because of their non- 
inflammability, but also because of their high molecular heat capacities. 
In Fig. 10 the results of Coward and Hartwell ® are illustrated graphically 
showing the influence of additions of nitrogen, CO, and argon to the 
supporting air, on the ranges of inflammability of methane-diluted air 
media. The like influence of additions of chlorinated hydrocarbons has 
also been studied by Coward and Jones, and their results have been 
incorporated in the same diagram. In the insets (Fig. 10) we have also 
illustrated the observations of J. van Heiningen *' on the influences of 
carbon dioxide, nitrogen and argon on the inflammable ranges of hydrogen 
and butane in air. 

The Interpretation of the “‘ Cool”’-Flame Ranges.—The discovery of the 
existence of “ cool ”’-flame ranges in cold media at appropriate working 
pressures has opened up an important field for the theoretical investigation 
of the complicated combustion processes involved, for we are now enabled 
to study closely in many cases at quite low pressures, and in glass tubes 
the same phenomena which, under ignition temperature conditions, occur 
in vessels which have at best to be confined in electrically heated enclosures. 
Moreover, by examining the products from the various types of flame 
observed in these researches, a more reliable sample of the reaction products 
may probably be secured, owing to the comparative non-interference of 
subsequent secondary reactions (and particularly of surface reactions), 
which it is impossible to avoid when working in heated vessels near the 
spontaneous ignition point. So far, our investigations in this direction 
have shown that the “cool” flame of diethyl ether produces high con- 
centrations of acetaldehyde and peroxidic substances, the proportionate 
amount of which is apparently independent of pressure. These materials 
are destroyed in the “ blue” flame, which also effects the decomposition 
of much of the excess of combustible. The temperature of the “ blue ” 
flame is much higher than that of the “cool” flame; none the less, this 
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flame does not appear to be initiated thermally, for it seems to arise in the 
partially chilled products of the “ cool ” flame. 

From what has been said earlier (p. 470), it would appear that, in the 
case of the higher hydrocarbons, most of the energy required for theiy 
“cool” flames is in some way provided by the oxidation of higher 
aldehydes which are formed as intermediate products. Judging from the 
inflammation of acetaldehyde, which we are now studying, in the “cool” 
flame, which is a kinetic phenomenon, the aldehyde appears to combing 
with oxygen to give rise, probably via an intermediate peroxidic product X, 
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INFLUENCE OF ADDITION OF DILUENT GASES TO THE SUPPORTING AIR ON LIMITS oF 
INFLAMMABILITY. (COWARD AND HARTWELL, COWARD AND JONES, J. VAN HEININGEN.,) 


to the ultimate products CH,OH, HCHO, CO and some H,0. It seems 
likely that either X or its initial decomponents may act in promoting both 
the further oxidation of the aldehyde, and (when relevant) of the parent 
hydrocarbon ; but such processes are accompanied by the decomposition of 
some of the aldehyde into CO and CH,. On these premises the upper 
temperature limit of “ cool ” flames may be conditioned by either or both 
the thermal decompositions of the product X or of the aldehyde itself. The 
one-stage ignition observed by Kane (p. 486) may well be connected with 
the influence of pressure on the mode and rate of decomposition of X. 
The “ cool ”’-flame products of diethyl ether contain much peroxide, and 
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it may well be that the “ blue ” flames which we have just described result 
from the decomposition of a critical concentration of it. In the presence 















in the of sufficient oxygen this process becomes uncontrolled combustion. 
their Much light on processes of this type is forthcoming from the recent 
higher work of Harris and Egerton ** on the explosive decomposition of peroxides 
= ro (ef. also Neumann and Tutakin **). 
Coo] ” 
ma bine In conclusion we desire to thank the Gas Light and Coke Company for 
uet X their Research Fellowship at the Imperial College, during the tenure of 
which some of the work discussed herein was carried out, and for their 
continued interest in allowing one of us (M. M.) to continue it at Leeds 
GEN University. 
APPENDIX. 
7 Description OF HicH-PREssURE EXPLosIon VEssEL UsED 
LL = FOR DETERMINING INFLAMMABILITY Limits. 
~ 
aa The explosion vessel is of Ni-Cr steel, and is provided with a cylindrical 
: 7 chamber 3-8 cm. diameter and 15-3 cm. long. At one end it carries a 
“1 plug fitted with inlet and outlet valves, and at the other end another plug 






carrying a conically ground quartz window for visual observation of the 
flames. An ignition plug and two quartz window-fittings are also provided 
and located along the horizontal axis of the vessel. 

The explosive mixtures under pressure are ignited by (a) the electrical 
fusion in the case of norma] flames, or (b) the electrical heating in the 
case of the “ cool” flames, of a 1 cm. length of fine platinum wire. The 
criterion of inflammability is the propagation of flame from the igniting 
source to the far end of the vessel, as observed through the window 
nearest the inlet valves. The bomb can be heated electrically to any 
experimental temperature by means of asbestos-covered nichrome wire 
wound round it. 
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THE INSTITUTE OF PETROLEUM 


DANGEROUS GASES IN THE PETROLEUM AND 
ALLIED INDUSTRIES 


l4tH MARCH, 1939 


A sertes of Papers on Dangerous Gases in the Petroleum and Allied 
Industries was discussed at a whole-day Meeting of the Institute of 
Petroleum held at the Royal Society of Arts on Tuesday, 14th March, 1939. 

Mr. W. W. Goulston, B.A., B.Sc., A.1.C., F.Inst.Pet., acted as organizer 
of the meeting on behalf of the Council. 

Mr. A. R. Stark, B.Sc., F.Inst.Pet., acted as General Reporter and 
presented a summary of the Papers at each Session. 

The Programme of the Papers was as follows :— 


Morninc Session, 10.0 to 12.30. 
Chairman—Lrt.-Co.. 8. J. M. Autp. 


(1) ‘‘ An Automatic Recorder for Inflammable Gases.’’ Dr. H. Lloyd (Safety in 
Mines Research Board Laboratories, Sheffield). 

(2) ‘* Portable Combustible Gas Indicators in the Oil Industry.’”” Dr. O. W. 
Johnson (Standard Oil Co. of California). 

3) ‘‘ Protection from Dangerous Gases in Oil Tanks.”” A. W. Cox (B. and R. 


Redwood). 
(4) ‘‘ The Inflammation of Hydrocarbon—Air Mixtures.”’ Prof. D. T. A. Townend 


and Dr. A. Maccormac (The Unwersity, Leeds). 

(5) ** Flue-Gas Protection for Ships’ Tanks.”” Dr. O. W. Johnson (Standard Oil Co. 
of California). 

(6) “‘Gas Evolution in Petrol Sto Tanks caused by the Activity of Micro- 
Organisms.”"’ Dr. A. C. Thaysen (Chemical Research Laboratory, Teddington). 

(7) ‘* The Effect of Hydrogen Sulphide on Detectors for Combustible Gases.’’ P. 


Docksey (Anglo-Iranian Oil Company). 
(8) “‘The * Riken’ Explosive Gas Detector.” J. 8S. Jackson (Shell Marketing 


Company). 
AFTERNOON Session, 2.30 to 5.0. 


Chairman—J. McConneLit SANDERS. 


Wing-Comm. T. McClurkin (Chemical 


(9) ** Phy ~~ val Effect of Toxic Vapours.”’ 


Defence Station, Porton). 

(10) ** The Safety of Electrical Apparatus for Use in Inflammable Gases and 
Vapours.”” Capt. C. B. Platt (Safety in Mines Research Board Laboratories, Sheffield). 

(11) ** Flame Arrestors.’"” H. H. Radier (Bataafsche Petroleum Maatschappij). 

(12) ‘The Handling of Industrial Solvents.’’ F. N. Harrap (Shell- Mer. & BP., 
Ltd. ). 

(13) ‘“* Protection Against Dangerous Gases in the Operation of Cracking Plants.” 
E. J. M. Tait (Universal Oil Products of Chicago). 

4" * Dangerous Gases in Distillation and Refining Processes." E. Le Q. Herbert 
(Shell Refineries, Ltd.). 

(15) ‘‘The Detection of Gas in the Field and Refinery in Iran.” (Chemical 
Department, Anglo-Iranian Oil Co., Abadan). 





DISCUSSION ON DANGEROUS GASES. 


EVENING Session, 6.15 to 7.30 p.m. 
Chairman—Lt.-Cor. 8. J. M. Auup. 


** The Detection of Toxic Gases in Industry.” 
Lecture by Dr. R. B. Vallender (Chemical Defence Research Station, Porton). 


In connection with the Meeting an Exhibition of apparatus and models 
was held at the Institute’s Offices, The Adelphi, W.C.2, from 13th March to 
25th March, 1939. 

The Exhibition had been arranged by Mr. C. L. Gilbert, B.Sc., A.R.C.S_, 


M. Inst. Pet. 

The Council was indebted to the following exhibitors who loaned 
apparatus or models for this Exhibition—National Physical Laboratory; 
Department of Scientific and Industrial Research (Chemical Research Labor. 
atory); University of Leeds (Professor Townend); Captain W. C. Bailey, 
Safety in Mines Research Board ; Messrs. Air Conditioning and Engineering, 
Ltd.; Amal, Ltd.; Ceag, Ltd.; Concordia Electric Safety Lamp Co,: 
Everett Edgcumbe & Co.; Evershed and Vignoles, Ltd.; Foster Instru- 
ment Co.; General Electric Co., Ltd.; Griffin and Tatlock, Ltd.; Inter. 
national Gas Detectors; Kent & Co., Ltd.; Newhaven Engineering (Co., 
Ltd.; Nife Batteries, Ltd.; B. & R. Redwood & Sons; Shell Marketing Co. 
(Central Laboratories), Shell Refineries (Shell Haven); Siebe Gorman & 
Co., and Townson & Mercer, Ltd. 


Discussion OF PAPERS ON DANGEROUS GASES. 


Morning Session. 


Mr. W. W. GovtsTon said, in opening the discussion, that it occurred to him when 
reading the papers that a good deal of the information given could be practically 
applied to problems which they met in everyday work in connection with the petroleum 
industry. The phenomenon of “‘ cool”’ flames which was so well developed by Prof. 
Townend might have an important practical application in explaining the cause of some 
fires which appeared to be of mysterious origin. In these cases an explosive mixture was 
known to be present, but how the actual ignition was started was a mystery. In 
some cases ignition was caused by a spark, produced mechanically or electrically, 
sometimes by careless striking of matches or by pyrophoric iron sulphide in contact 
with air, but there were cases where none of these possibilities existed. It seemed to 
him that the possibility of slow combustion under “‘ cool ’’-flame conditions should be 
taken into consideration. Steam-heated radiators or superheated steam in pipes 
might reach temperatures of 100° C., or over, and at such temperatures slow com- 
bustion might take place. He considered that this was a matter which required 
investigation. j 

The two papers by Dr. Johnson contained a good deal of very interesting information. 
It was unfortunate that Dr. Johnson was not able to come from California to address 
the meeting on the subjects of his papers. The use of flue gas to get an inert atmosphere 
as a protection for ships’ tanks seemed a very interesting application. At first sight 
one would think that this system would be rather expensive to operate, perhaps that 
might be the reason why it was not in more general use. It would be of interest to learn 
the views of other members on the possibility of extending this system not only at sea, 
but also on shore. In some solvent-treating plants the use of flue gas to ensure an 
inert atmosphere was standard practice, but in this case the purpose was to prevent 
deterioration of the solvent by oxidation. 

He thought that Dr. Johnson in his other paper mentioned a rather important point. 
Great stress was laid on the necessity for getting the tank free of explosive mixture as 
soon as possible, particularly before any men were allowed to work on the tank. It 
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very often happened that this was not done, and he emphasized very strongly that the 
frst thing to do was to try to got the tank free of explosive mixture. It was of very 
great importance to get safe working conditions in the tank before work was begun. 
The paper by Mr. Docksey contained some very interesting information regarding 
the extent to which combustion indicators could be used under various conditions. It 
was interesting to learn that although the lower explosive limit in volume percentage 
varied with the molecular weight of hydrocarbons, yet the limit expressed in weight 
percentage was fairly constant. For this reason detectors which gave results depend- 
ing on the weight percentage of hydrocarbons could be used for all types of hydro- 
carbons irrespective of their molecular weight and also for mixtures of a number of 
hydrocarbons in any proportion. This was a very important point and was very well 
brought out in this paper. 


Lr.-Cox. R. A. Tuomas said that he would like te emphasize the importance of the 
question of spontaneous ignition in storage tanks. The Home Office had always 
approved of investigations into the causes of those explosions, because they 
always point out that when an explosion occurs not only have the officials and repre- 
sentatives of the oil company to get into the witness-box, but they also have to give 
evidence; and they are always asked “‘ what are you doing about it?’’ They had 
had several of these instances. Now, was enough being done? The Home Office had 
taken up the matter, and investigations were in hand. They were only, at the present 
time, on a small scale; but he was sure that, if necessary, the Home Office would 
press for the investigations to be continued on a greater scale. 

In these times of emergency while very large stocks of petrol and oil are being put 
into reserve, the question is raised as to whether possible depreciation due to the theory 
put forward by Dr. Thaysen may not be enhanced, and the dangers when emptying 
tanks increased. 

They must get to the bottom of this problem, for might they not be putting down for 
indefinite times these large stores of spirit and oil ? 


Mr. A. R. WrittaMson said that Mr. Cox mentioned the danger of windsails being 
set on fire. That actually occurred at one North-East Coast repair yard, when rivets 
were being burned out by acetylene burners in a cargo tank of a 10,000-ton tanker. 
The operator turned and fired the windsail, the burning portion fell into the bottom 
of the tank, causing vast quantities of smoke and it was some time before a man in the 
tank could be found and brought out. 

This danger could be eliminated by fire-proofing windsails, which had now been done 
by some yards, who had fire-proofed their own windsails. Another point which he 
thought was worthy of mention was the question of welding on the outside of tanks 
containing oil. His firm had carried out some experiments in conjunction with a large 
firm of ship-repairers on the North-East Coast, and they were of the opinion that the 
danger is more apparent than real, provided the work is sanctioned by the chemist and 
carried out under strict supervision. 

If Mr. Cox was interested they would be happy to give him further information 
regarding the experiment mentioned, together with their conclusions. 


Mr. A. R. Stark said there was only one question he wanted to ask. He had been 
very greatly interested in the flue-gas freeing of ships. As far as he knew, there were no 
Board of Trade regulations in this country which said one must not use flue gas for 
gas freeing, but on the whole it seemed to be accepted that steam was to be used. 
He imagined that, since the repair bill for tankers, due to rusting and corrosion, was ex- 
traordinarily large, a considerable amount could possibly be saved by replacing steam 
by flue gas. Unfortunately, in Dr. Johnson’s paper there were no figures given for 
the cost of this means of tanker cleaning. He would like, if possible, for Dr. Johnson 
to supply at some length the detailed cost of freeing a 10,000-ton ship, for instance, 
by flue gas and by the ordinary steaming process. He had got a figure for steaming a 
10,000-ton ship—50 tons of steam and 4 tons of fuel oil. He would like to know 
Dr. Johnson’s comparative figures. 
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Mr. R. B. Brock said that he wished to raise a point concerning the actual tempera. 
ture and pressure conditions needed for normally inflammable gases to give spont aneous 
combustion. 

He was not quite clear as to the curves which have been shown, as they appeared to 
him to show that either considerably elevated pressures or temperatures are necessary 
One of the previous speakers had mentioned that the information given about spon. 
taneous combustion might account for unexpected explosions and fires, but it appeared 
to him from the figures which have been given that this is quite impossible, and he 
would be interested to know what are the conditions necessary for butane or pentane 
and other gases which are generally encountered. 

With regard to the micro-organisms which were stated to cause trouble in the water. 
bottoms of oil tanks, he would be very interested to know what conditions are required 
for sterilization, as he presumed that steps will have to be taken to ensure this. 
Since the water-bottoms are a strictly confined area, he imagined that it would be 
quite simple to effect sterilization. He had assumed at first that micro-organisms 
had been discovered which would actually grow in the oil, and was very relieved to 
know that this was not the case. 

One other speaker had mentioned a number of cases in which instruments would 
have been of no value whatever in saving explosions and fires. He would be very 
interested to have any details from other members who could give instances where 
instruments have been of value, and could possibly give information concerning other 
explosions which could have been prevented by new instruments. With this informa. 
tion we could possibly set about designing fresh instruments to reduce other hazards, 

He had certainly got the impression during the course of the meeting that far too 
much attention was being paid to the cost of safety devices. It appeared to him that 
this attention to cost was out of all reason. 

He mentioned in particular the fact that really high concentrations of inflammable 
vapours must be present on many occasions. It was advocated that these should be 
blown out of the tanks by air, either by fans, windsails, or some other means. This 
seemed to him a most unwise proceeding, as obviously the diluent gas would give s 
highly explosive mixture which must be ejected somewhere with consequent hazards. 

He noticed from one of the papers that flue gas was suggested as being sufficiently 
inert to reduce explosion risks. Surely it would be a far more satisfactory plan to 
consider expelling inflammable vapours by inert diluent gasrather than by air. It seemed 
to him that diluent gas should be available at a reasonable cost, either by using flue 
gas or CO,, or some other commercially available gas, and he could not see that a 
precaution of this type was likely to be too costly when the expense of an explosion 
was taken into account. After all, saving a good fire would pay handsomely for 
very great deal of special precautions, and it did not appear to him that this aspect 
had been sufficiently stressed. 


Dr. M. Maccormac, in reply to the questions raised on the matter submitted by 
Professor Townend and himself, said that, as far as he was aware, cool flames were never 
initiated at temperatures below 150° C., and then only in the case of acetaldehyde 
which had been exposed to air for some time in the vapour phase. Normally higher 
hydrocarbons never give rise to cool flames spontaneously at temperatures below about 
230° C. or the ethers below about 170° C. The fact that the cool flames cannot be 
observed in daylight makes them dangerous as potential sources of ignition and 
explosion. 

An interesting observation is that of Leicester (J. Soc. chem. Ind. 1933, §2, 341), 
who reported the spontaneous ignition of very weak mixtures in air of carbon disulphide 
at a temperature as low as 81° C. This, however, seems to be an exceptional case, 
for in all other instances except that of methane and hydrogen (both of which ignite 
only at high temperatures) rich mixtures of fuels are the most easily spontaneously 
ignited. 


Dr. A. C. THAYSEN, in reply, said that he was very glad that the subject of the 
spontaneous ignition of oil in storage had been raised, as he would like to make s 
remark or two on that. 
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On discussing this subject with the representative of a firm who had experienced 
several such ignitions, he was informed that some years previously this firm had 
introduced the precaution of coating the walls and floors of their storage tanks with a 
cement wash before filling them, and that, since this had been done, they had had no 
further ignitions. 

An analysis of the water-bottom of a tank which had been given a cement wash 
revealed the very interesting fact that the accumulated corrosion products on the floor 
were entirely free from iron sulphide. This coincided with an absence of sulphate- 
reducing bacteria in the water-bottom, which incidentally harboured very few micro- 
organisms of any description—many times fewer than the numbers found in the water 
used to make up the water-bottom. Absence of ignitions, therefore, had run parallel 
with improved hygienic conditions in the water-bottom. 

Since it was observed that the water in the tanks contained fewer organisms than 
the water used for making the water-bottom, it appeared reasonable to him to argue 
that some substance must have been present in the tanks which destroyed the intro- 
duced bacteria. He suspected that the cement wash used might have contained this 
substance—that, in fact, it might be the alkalinity established in the water by the 
cement that had reduced the microflora. It had been ascertained in his laboratory 
that an alkalinity equivalent to a pH value of 11-0 was sufficient to prevent the growth 
of sulphate-reducing bacteria, so that, if it were possible to raise the pH value of the 
water-bottom to 11-0, it would be possible to check the growth of these organisms, and 
incidentally of most others, provided always that no agency was introduced which 
would counteract the effect of the cement. 


Dr. F. B. Tuoie said that Dr. Thaysen’s work on the existence of sulphate-reducing 
bacteria in the water-bottoms of oil tanks had been followed with great interest by 
petroleum chemists. 

It was well known that, quite apart from bacterial agencies, pyrophoric iron sulphide 
was invariably present in quantity in tanks containing those crude oils or unrefined 
distillates which possessed an appreciable H,S content. This material created a 
definite fire hazard, which, however, was well recognized and suitably controlled by 
those in charge of such tanks, though carelessness in this respect had been the un- 
doubted cause of a considerable number of tank-fires. It was now, however, general 
refinery practice to soda-wash all distillates before storage to eliminate dissolved H,S. 

In tanks containing refined products, which are free from H,§, it is difficult to 
conceive any circumstances which could give rise to a fire originating from iron 
sulphide formed by bacterial agencies. 

If one took a most extreme case, far outside practical probability, and assumed a 
tank containing a water-bottom 12 inches deep, this water being sea-water (which 
is far richer in sulphates than fresh or semi-fresh water), and assuming also that 
sulphate-reducing bacteria had converted the whole of these sulphates into hydrogen 
sulphide, which was then entirely absorbed by the water-wetted tank-plates and 
converted into iron sulphide, the film would even then be only about one thovsandth 
of an inch in thickness. The heat generated by even the rapid oxidation of such a film 
on exposure (while in actual fact this film would be moist with water and in contact 
with a mass of cold metal) could not conceivably give rise to temperatures of an order 
requisite to ignite oil—air mixtures. 

The effect of a cement wash in suppressing bacterial action was interesting, but there 
were no grounds at present for supposing that such treatment could be regarded as a 
preventive of, or even as a safeguard against tank fires of ostensibly spontaneous origin, 
in view of the fact that although there were very many thousands of steel tanks (all 
with water-bottoms) in use for storage of refined or H,S-free petroleum oils, fires of 
unexplained origin were of extreme rarity. 


Dr. THAYSEN in reply said that it was certainly correct to state that sulphate- 
reducing bacteria could live in sea-water. They were able to function also in the 


presence of crude and of purified mineral oils. 


He was not emphasizing this in order to support the view held by many that pyro- 


phoric iron sulphide was the cause of spontaneous ignitions in oil storage-tanks. The 
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work which had been done in his laboratory seemed to deny a connection between 
biological iron sulphide formation and spontaneous ignitions. 

It seemed difficult to conceive how iron sulphide present in the water-saturated 
corrosion products of the tank floor could become spontaneously ignited without 
preliminary removal of all the water present. Even if one were to assume that pyro. 
phoric iron sulphide had accumulated on the roof of a tank, it would be difficult to 
understand how this could have been done without causing a serious contamination 
of the stored oil with hydrogen sulphide. To the best of his knowledge there was no 
information to show that the oils of tanks which had ignited spontaneously had con. 
tained corrosive sulphur. Further, he could not see how pyrophoric iron sulphide, 
accumulated on the roof of tanks in which nothing but purified oil had been stored 
for years, could be there in sufficient quantities to prevent a dissipation through the 
steel surface of the roof of any heat liberated through its oxidation. In his opinion 
the significance of iron sulphide in storage tanks was its connection with the corrosion 
of these tanks, rather than with the spontaneous ignition of the stored oil. 

He would not like at the moment to express an opinion as to the cause of spontaneous 
ignitions, though observations to which he had already referred might indicate some 
sort of connection with the hygienic conditions of the storage tanks. 


Dr. THOoLE asked Mr. Docksey, with reference to the poisoning of the filament by 
hydrogen sulphide, whether a filament when once poisoned could by any treatment be 
revivified, or whether it was irretrievably spoilt. 


Mr. P. Docxsey in reply said that the poisoning of the filament appeared to be 
destroyed on heating it to a sufficiently high temperature. In practice it would be 
cheaper to replace a poisoned filament. The replacements were not expensive. All 
the commercial detectors of this type which he had tested did not suffer from the 
defect, i.e., the initial temperature of the filament was sufficiently high to prevent 
poisoning. 

It is good policy to subject detectors to a periodical test, which may be made using 
&@ gas mixture of known concentration which gives a reading of about half scale on the 
detector. Such a test can be made with simple and cheap apparatus. A wooden box 
without a lid is inverted over a piece of flat metal sheet. A suitable size of box would 
have a cubic content of about 1 cubic foot. In what is now the top of the box a hole 
is bored, through which a sample of liquid pentane cai be run in, or the sampling tube 
leading to the detector introduced. A slot is also cut, through which a flat sheet of 
wood supported by a cloth or leather hinge is inserted. This can be flapped to and fro, 
and acts asastirrer. To make the test, a suitable volume of liquid pentane, calculated 
to give a mixture containing about 0-7 per cent. by weight when mixed with the air in 
the box, is run in from a burette, and the air in the box stirred for about 15 seconds, 
A sample is then pumped to the detector. In order to make a repeat, it is necessary 
to refill the box with pure air, and this can easily be done by lifting it off the metal 
sheet and operating the stirre Such a test with repeat is perfectly adequate, and 
takes less than 5 minutes to carry out. 


Mr. N. A. AnrrLocorr said he was the last person in the world to quibble at the 
researches which had been carried on in the past few years by their industry. He 
certainly appreciated that it was necessary to have certain theoretical truths brought 
before them, 

He was interested in automatic recorders for inflammable gases. Any information 
that would tend to help the man who was in charge of a refinery or storage, or which 
would enable him to protect his place from an explosion, was all to the good. He did 
not know whether he happened to be in a fortunate or an unfortunate position. Storing 
oil, both crude and refined, he had never had an explosion—he had never had a fire. 
To him it seemed that wherever there had been a fire there was no need to search for 
any particularly scientific reason for that fire. It was either negligence or ignorance, 
or a spark struck inside by some means or other, that caused that explosion and the 
subsequent fire. 
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DISCUSSION ON 


By all means they should protect their tanks by a cement wash, if only as a 
paint. The moment they had water in the tank they were going to cause & con- 
siderable amount of rust, and trouble to themselves, both at the surface and on the 
bottom of the tanks. On the sides of the tanks crude oil or lubricating oil kept them 
beautifully clean, but when they were dealing with spirit it was very different. 

Still, he was appreciative of the work that had been carried out. Really due care 
in the handling of the stuff they have to handle in their tanks would keep them free 
from explosions whether by or in spite of an act of God. 





Dr. M. B. BLaAcKLER said that he supported the two speakers who had emphasized 
the fact that human beings are more important than instruments, because there was a 
general tendency to-day to glorify the instrument and forget the importance of the 
human element. 

When instruments give results intimating the absence of dangerous proportions of 
gas in tankers, tanks, or containers, it is very essential to investigate in the light of 
experience and with reference to the character of the work to be carried out before 
accepting such results and giving instructions that work can be undertaken with safety. 

Mr. Anfilogoff said that he had never had a fire in his works; the speaker considered 
him a very fortunate man, because his experience had brought him in touch with many 
serious oil fires. 

In several cases such fires had originated in some mysterious manner in tanks and 
washers containing crude light distillates obtained from distillation units. He 
assumed that pyrophoric iron sulphide was the main cause of such outbreaks; he was 
not prepared to accept the bacteria theory on the basis of the evidence so far submitted. 

Over a period of some thirteen years he had adopted the plan of washing all light 
vapours leaving the distillation units with a sodium hydroxide solution of a suitable 
concentration, and by this means had practically eliminated condenser corrosion and, 
in addition, during that period had never experienced any mysterious fires in either 
tanks or washers. In all tanks where corrosion was possible he was very particular 
regarding the protection of the roof and roof rafters and he had found from his ex- 
perience that if such were well brushed with wire brushes, then painted with a well- 
mixed red lead paint made with boiled oil and frequently mixed on site by the painter 
(this is essential) during application, then if the first coat is well brushed into all crevices 
and is followed when dry with a second coat, such coating proved extremely effective 
in preventing internal roof corrosion and thereby avoiding the possible formation of 
pyrophoric iron sulphide in interstices in roof structure and between roof plates and 


raiters 


Afternoon Session. 


Mr. J. McConneLt SANDERS in opening the Discussion said that his own ex- 
perience with toxic gases in the petroleum industry had shown that in a great 
number of cases the necessary knowledge of their effects and the precautionary 
methods which should be adopted to combat them had very often not come into 
being until some accident had occurred which had focussed public attention upon the 
matter. 

This was particularly the case with sulphuretted hydrogen, the poisonous nature of 
which was well known long before it represented a serious menace to petroleum 
operations. 

It was known to be released daring the distillation of some of the Mexican crude oils 
as far back as 1904, and its presence in quantity as a component of oilfield gases became 
known some four years later, when the sulphurous oils of the San Diego fields were being 
exploited. Although the toxic nature of these gases was quite well known and 
appreciated by all operators, it was not until 1915 or 1916 that public attention was 
directed towards the necessity of taking systematic precautions, and this was brought 
about by the fact that five men lost their lives, and another only narrowly escaped, in a 
tank-ship which was taking in a cargo of crude distillate from a Mexican crude. This 
fatality could probably have been avoided if the men in question had known about the 
insidious nature of the gas and its rapid action, facts which were later brought out by the 
studies and publications of a special commission which was formed in the United 
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States, where gases of a similar toxic nature had been found in a recently opened field 
and where again some fatalities had brought the matter to the attention of the 
authorities. 

In connection with Captain Platt’s paper, he would like to ask if he had had any 
experience of inductive sparking due to the presence of electric power-lines in the 
neighbourhood of pipe-lines ? 

There were cases on record where pipe-lines laid close to an electric tramway system 
occasionally showed such sparking when a pipe connection was broken for some 
necessary repair work, and he would be interested to know whether this was a common 
experience and whether it was a contingency covered by any special regulations. 

Finally he would refer to Wing-Commander McClurkin’s paper and mention another 
toxic gas as an addition to those mentioned by him. It was not universally known that 
some varieties of sludge acid are liable to give off highly toxic vapours similar in their 
effect to methyl sulphate, when the sludge is heated with open steam jets. 

He had come across this accidentally when blowing steam through a large quantity 
of Mexican sludge acid in an open vessel, but had since heard that a similar experience 
has befallen other operators. 


Mr. W. W. Govutston mentioned that the papers discussed in the afternoon 
session were chiefly of a practical nature and brought out very clearly how important 
it is to take proper safety measures. In Captain Platt’s paper various types of electrical 
apparatus are described showing the different methods used for designing them to be 
intrinsically safe or for erecting suitable protective equipment to make them safe. 
That type of apparatus is suitable for use in pump-houses and in control-rooms where 
the atmosphere may contain an explosive mixture at times due to leaks. It is very 
important to make sure that the electrical equipment used is of the safe type, but at the 
same time it is equally important to ensure that the atmosphere is safe, and this 
should be safeguarded by efficient ventilation. 

Mr. Herbert has directed attention to the importance of training personnel to carry 
out operations under safe working conditions. They should be trained to be “ safety. 
minded.”” It is necessary to have adequate regulations to cover working conditions, 
and these regulations should be posted in prominent positions around the plant. Even 
the most adequate regulations are not sufficient without efficient supervision. It often 
happens that men who are careful workers in the field or factory become quite careless 
when off duty. Although they have been carefully trained in safety work, yet they 
will allow dangerous things to be done at home, such as cleaning clothes with gasoline, 
a practice which is so dangerous that it ought to be made illegal. 

A question which occurs to one is, How far is it really necessary to free a tank from 
gas’? Mr. Cox points out that one cannot be really sure that a tank is safe unless the 
tank is absolutely gas-free. But what is really the limit which is in practice found to 
be necessary? It is very expensive to clean out tanks, and the limit to which the tank 
should be freed of gas should depend on the type of operations which are to be carried 
out in the tank, whether men are to work inside the tank, and whether naked lights are 
to be used, as for welding work. The limit given by Mr. Docksey—that is, one-fifth 
of the lower explosive limit—seems to be a good practical standard for gas-freeing a tank, 
provided the atmosphere in the tank has been adequately sampled to make sure that 
there are no pockets containing a richer mixture. The toxic risk need not be con- 
sidered, as men who are working inside tanks should always wear suitable gas masks. 

Nearly all safety regulations are made after serious accidents. This is very well 
illustrated by the regulation in Texas making it compulsory to add an odorant to 
natural gas distributed in pipe-lines for domestic or industrial use. This regulation 
was introduced after the terrible disaster which caused a large number of fatalities at a 
school where natural gas was being used as a fuel, and where a leak in the cellars was 
undetected owing to the fact that the gas was odourless. 


Mr. R. C. Woops said he wished to add a few remarks on Captain Platt’s paper, and 
also that Mr. Herbert had raised an additional point which he would like to emphasize. 
He was not connected with the petroleum industry, but with a firm of engineers 
(Ericsson Telephones, Ltd.) who had dealt for over twenty years in safe signalling 
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apparatus for mines. They had little experience of petroleum, except for providing 
telephones for wharfs, etc., but had supplied equipment for safe use in industrial gases— 
acetone, chloroform, ether, etc.—and for protection against dust explosions. 

Perhaps the thing that matters most is maintenance. It is often very difficult to 
obtain a high standard, particularly as small electrical apparatus is usually looked upon 
asa side line. The amount of telephone and signalling apparatus used is extremely 
small compared with the industrial plant, and there is very little work connected with 
it. Maintenance is therefore in the hands of men to whom it is unfamiliar and who may 
know very little of the safety considerations involved. Obviously the maintenance 
man should not interfere with anything he does not understand, and when he begins 
to think that he understands, still less should he interfere. 

Mr. Herbert mentioned that risk was not limited by time. This point will bear 
reiteration. Too often the argument is advanced, when bad practice is found, that no 
explosion has occurred over a long period. For ignition to occur, all the factors to 
cause it must be present together. If a dangerous condition has existed without ill 
effect, it proves nothing except that change has not yet been favourable to explosion. 

Another question is that of the bare law versus the spirit of the law. Some will ask 
a factory inspector or a supervisor to define exactly where risk commences. Usually 
there can be no datum line in practice, and insistence on the question indicates failure 


to appreciate responsibility. One should not be out to see how near one can sail to 


the wind. 

Again, all humane considerations neglected, the cost of an explosion in an industrial 
plant is likely to be enormously out of proportion to the saving in equipment or 
maintenance which would prevent it. In maintenance so much depended upon the 
good or bad habits formed in training. The Post Office and the Railway Companies 
were good examples of how training can be directed to efficiency. Often no reason is 
given to the trainee as to why he should do such a thing, but he is trained to one 
law, and it is steadily insisted upon until it becomes habit. It follows that if trained in 
good habits as regards safety gear, the result is safety. 

Captain Platt stressed the value of intrinsic safety in telephones and signalling. 

They had experience of both, as they made both types, but he still held his original 
opinion that wherever intrinsically safe equipment is obtainable one should equip with 
it. Safety devices are usually built integral with the electrical constituents and, 
deliberate interference apart, nothing can go wrong. 

Maintenance of the safety factors is thus much less difficult, and one can have much 
greater confidence than is possible with flame-proof equipment, which is sensitive to 
factors scarcely perceptible to the untrained eye. 








Mr. J. S. Jackson thought that there was still a tendency, particularly among 
chemists, to run unnecessary risks for purely academic reasons. For instance, the use 
of carbon disulphide was still specified as a solvent in connection with the examination 
of asphaltic bitumen. The slight increase in academic efficiency obtained by using 
this solvent rather than trichlorethylene should not be allowed to justify the greater 
fire risk and danger to health associated with the use of carbon disulphide. 

Again, in the determination of the ignition quality of diesel fuels, Method 2, Throttling 
Test (1.P.T. Serial designation F.O. 39 (T)) stipulates that the point at which the engine 
misfires can be observed by a puff of white smoke from a test-cock provided in the 
exhaust pipe. Adequate precautions to remove the exhaust gases liberated into the 
room in this way will seldom, if ever, be taken. 

He suggested that the Standardization Committee should be asked to reconsider the 
standard methods for testing petroleum and eliminate all such unnecessary dangers to 
health and also fire risks. 


Mr. D. J. W. Keven said that there was no doubt a certain contradiction existing 
between the papers of Mr. Johnson and Mr. Cox, since Mr. Johnson accepted a limit of 
concentration of dangerous gases of a fifth of the explosion limit, while Mr. Cox felt 
sure only if there were no gases at all. From the point of view of safety, he thought that 
everyone would agree with Mr. Cox, although it might be understood at the same time 
that it is not always possible to go so far. However, if one-fifth of the explosion limit 
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was accepted as a practical limit, there remained the possibility that the dangerous 
gases, which were present, were a result of some accumulation of dangerous fuel left 
in the tank. 

He would therefore like to direct attention to the practice used in Holland—that jg 
to test a tank twice. If the tank is found to be gas-free during the first test, it jg 
closed, and a new test is made after waiting for 24 hours. Only when the gas content 
of the tank is found not to rise after 24 hours, the tank, or ship, is provided with a 
certificate stating that it is gas-free. 


Mr. A. R. WILLIAMSON said that with regard to the point made by Mr. Kreulen of 
testing tanks twice, he could not see ship-owners waiting 24 hours. In most ports jp 
this country testing was done every day. The testing was done during the day, and 
he could not see any reason why it should become unsafe just after midnight. 


Mr. E. G. Hancock said that there was just one minor point in Mr. Herbert's paper, 
which was of some interest to him, and that was the lowest detectable concentration of 
gas in the air. Any figures given in this connection must, of necessity, be extremely 
rough, and the human element must enter to a considerable degree. He was, however, 
surprised to read that, according to Tables IV and VII, the minimum detectable con. 
centration of ethyl mercaptan was twelve times greater than the corresponding 
detectable concentration of benzene. Anyone who has had experience of these two 
substances in the laboratory would agree, he thought, that, even allowing for the 
greater volatility of ethyl mercaptan, there was no question as to which was detectable 
at the lower concentration. He had looked up the reference given to Table VII 
(U.S. Bur. Mines Tech. Paper No. 267), and according to this paper ethyl mercaptan 
certainly has a lowest detectable concentration of 18 parts per million, but for the 
same paper ethyl ether is given as 1923 parts per million. In Table IV of Mr. Herbert's 
paper the lowest detectable concentration of ethyl ether is given as 0-23 part per 
million. It would appear, therefore, that different workers are capable of obtaining 
very different results, and little reliance can be placed on the detection of gases by odour. 


Mr. P. Docksey said that he would like Mr. Cox to give some particulars of the 
performance of the Redwood lamp when used on gases of different molecular weights 
If one tests mixtures containing | per cent. by weight of methane and | per cent. by 
weight of pentane, is the flame height the same in both cases ? 

He was still suffering from not having a very clear idea of what ‘‘ gas-free ’’ meant in 
connection with testing tanks. Dr. Johnson deprecated the term, and presumably it 
did mean that the quantity of gas present was not detectable by whatever method of 
test the chemist chose to use. It seemed to him that the term was loose. He was not 
familiar with the Redwood lamp, but he thought he was right in saying that the 
detectable quantity would be between 5 and 10 per cent. of the explosive limit. Mr 
Goulston referred to 20 per cent. as being an acceptable limit. That figure they took 
as being the toxic limit. A tank showing that concentration would be safe as longa 
there were no pools of liquid oil. If liquid oil were present, such a concentration 
would indicate that they were probably still capable of giving off dangerous quantities 
of vapour. It would be a very good thing if somebody would say what “‘ gas-free ’’ has 
got to mean; he suggested something less than 5 per cent. of the lower explosive limit. 


Mr. Po.iock said he thought that people should give examples of experiences they 
had had. Many of the papers were theoretical, and much of the material presented 
must be, but what they needed was to hear about the application of these theories. 
There must be a combination of the instruments used for testing and the intelligence of 
the men who used them. There must be some common sense applied to the inspection 
of tanks. Mr. Kreulen was quite right in saying that the situation could change in 
24 hours, and he might be justified in saying that one should wait for 24 hours, but it 
is not possible to hold tankers up for that time. However, more effective measures 
should be taken to prevent any danger of changing situation. Where human life is 
involved all possible precautions should be taken. 
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He would like to give an example of what he attributed to a static condition : 
Two men took off the manhole covers and began to spray the inside ofatank. They 
had a piece of wire across the manhole for spraying the tank, and this produced a spark, 
and the top of the tank blew off. No one was hurt, but he was confident that this was 
an example of static electricity. The necessity for tests subsequent to the initial test 
was also exemplified by this. 


Mr. HERBERT in reply said that Mr. Goulston had mentioned the nose as being a very 
satisfactory instrument of detection. In reply to this he would suggest that the 
personal factor enters into the sense of smell too much for any reliance to be placed on 
this method. Furthermore, a person’s sense of smell depends, to a great extent, on 
the atmosphere in which he has last been, and as the sense of smell varies considerably, 
not only with different individuals but also from time to time in the same individual, 
itcan be used only as a rough guide and too much faith should not be placed on it. 

Regarding the question as to what constitutes a ‘‘ gas-free ’’ atmosphere—a point 
on which considerable discussion had taken place—he would refer to the figures given 
in his paper in which the limits to which certain refineries work are given. The 
maximum limit allowed is 0-04 per cent. by volume of petroleum vapour—i.e., less 
than 5 per cent. of the lower explosive limit, which is a considerable reduction on the 
20 per cent. of the lower explosive limit mentioned by several speakers. Even so, 
a reading of 0-04 per cent. by volume is not accepted as being safe for hot work unless 
it is certain that no possibility of the development of further vapour exists. 

With regard to the remarks made by one speaker about the introduction into tanks 
f portable electric lamps for lighting purposes, such a procedure would, under the 
rules and conditions outlined in his paper, necessitate obtaining a certificate of safety 
for the tank in question before any such apparatus could be used. 

One of the speakers mentioned with regard to part of his paper that because no 
accident or explosion has occurred over a period of several years, this did not mean 
that danger did not exist. With this view one could not but cordially agree. The 
point he (Mr. Herbert) was trying to make was that by means of good design and 
construction, plus rigid inspection and careful maintenance and close supervision to 
see that all necessary safety precautions were in fact observed, even the most potenti- 
ally dangerous plants could be operated year in, year out, without accident. Never- 
theless, because of the very fact that this could be and is being done, it is vitally essential 
to guard against the gradual development amongst operators of the ‘* familiarity- 
breeds-contempt *’ atmosphere. 

With regard to the question raised by one speaker as to the figures quoted in Tables 
IV and VII of his (Mr. Herbert's) paper for the lowest detectable concentration of 
benzine and ethyl mercaptan, respectively, the figures given have been checked from 
the original reference, and are in agreement with the figures quoted. 


CapTaAIN PLATT in reply said that the Chairman had asked whether intrinsically safe 
ircuits might become unsafe due to induction from pipe-lines which had made contact 
with power-lines. It would certainly seem to be possible that if the safe circuit were 
situated very near to the pipe-line, induced current might be set up in the circuit unless 
the pipe-line were efficiently earthed—and in this connection he would suggest that it 
might be advantageous to bond electrically each section of the pipe-line. 

Mr. Woods mentioned the question of maintenance, and he agreed entirely with him 
as to the importance of this aspect of safety; from his own experience it would seem 
that the efficiency of maintenance was frequently in direct ratio to the size of the 
apparatus. It was just as important properly to maintain, say, a small electric safety- 
type torch as a large flame-proof motor. 


Mr. D. Stewart said that in Mr. Cox’s paper draining then steaming was recom- 
mended for the ‘‘ gas-freeing ’’ of oil drums. It was, however, their experience that 
under certain circumstances the steaming of barrels which had contained spirit of 
kerosine was liable to cause explosions. Several explosions while steaming barrels 
had actually occurred in a works in Scotland, and although no one was injured, the 
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ends of the barrels were blown out. There was little doubt that static electricity 
resulting from the issue of steam from the nozzle was the cause of ignition, Pre. 
cautions to prevent recurrence had been :— 


(1) To use a steam pressure of not more than 15 Ib. per sq. in. 
(2) To *‘ ground” the steam pipe and the copper strips on which the barrels 
rest during steaming. 


With regard to Mr. Tait’s paper and the danger arising from wastage of equipment 
due to corrosion, they had done some work on the H,S corrosion of mild steel in the 
temperature range 200-550° C. Corrosion was found to start at about 340° C. and 
to become increasingly serious up to the maximum temperature investigated. Fo, 
instance, the corrosion at 425° C. was more than twice as severe as at 400° C., and at 
500° C. about five times as severe. The apparent reduction in corrosion found about 
430° C. in actual practice was probably due to the protective effect of the coke film 
formed at about this temperature. 


Dr. P. M. Epmonp Scumirz wrote: Mr. Herbert’s remark concerning the toxicity 
of trichlorethylene was no doubt true some years ago, but it is probably not true 
to-day, and is certainly not true for the trichlorethylene prepared industrially in 
France. 

Since 1936, Herbert Eichert (J. Amer. Medical Ass., 1936, 106, 1652) has emphasized 
the difference in the number and intensity of the accidents due to trichlorethylene 
according as to whether the latter was an industria] product or one used for 
therapeutical purposes. This observation led Dr. Daniel Matruchot—who holds the 
Diploma of the Institute of Hygiene of the Faculty of Medicine in Paris—to re-investi. 
gate the whole question of the toxicity of trichlorethylene. The results of this 
important work were published in Paris in 1937 under the title ‘‘ Contribution 4 
I’ Etude toxicologique expérimentale des solvants volatils et en particulier, du réle des 
impuretés du Trichloréthylene "’ (obtainable from E. le Frangois’ bookshop). 

To-day the commercial trichlorethylene for industrial usage, which is manufactured 
in France, distils (Engler) 90 per cent. at 0-5° C., whilst other trichlorethylenes, even 
those sold as pure for therapeutic use, distil 95 per cent. volume at 3-8° C. 

From the work of Dr. Matruchot it appears that the industrial trichlorethylene which 
is sold on the French market slightly charges an atmosphere—5 to 50 mgs. per litre of 
air—and that it presents no danger in its immediate or after-effects, even after 
prolonged exposure. 

If it is a question of relatively high concentrations, 150 to 200 mgs. per litre of air, 
the danger is only limited, without apparent functional troubles, even after exposure of 
more than | hour. Only at a concentration of 600-1000 mg. per litre of air is the 
result fatal. 

It follows that the French trichlorethylene is much less toxic than that used some 
years ago and which various authors have used for their experiments, which date back 
to the years 1927-1931. 

The causes of this reduced toxicity lie in the degree of purity and in the stability of 
the actual trichlorethylene. But the stability is due to the use of an effective stabilizer, 
and above all to the absence of the asymetric dichlorethylene. 

The effect of the impurities of the trichlorethylene on its toxicity is thus evident; 
it is chiefly the effect of the more volatile products, and in particular that of asymetric 
dichlorethylene. This body is highly toxic by itself, and it increases the toxicity of 
the trichlorethylene in influencing the stability of the latter. 

Trichlorethylene in equal concentrations is nearly three times less toxic than carbon 
tetrachloride, 90 per cent. benzole, or pure benzole. 

If there is poisoning, a few whiffs of diluted oxygen are sufficient to stimulate respira- 
tion. Heat at 40° is an important element, to which can be added respiratory 
medicines, and in particular caffein. 

These few observations also serve as an answer to the remarks made by Wing- 
Commander T. McClurkin in his communication on ‘* The Physiological Effects of 
Toxic Gases and Vapours,”’ more particularly concerning di- and tri-chlorethylene. 
These observations result from the most recent tests made on trichlorethylene. 
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Mr. A. W. Cox, in reply to the Discussion, wrote: There are occasions, as 
entioned by Mr. Williamson, when welding can be carried out on the outside of a 
tank which contains oil. In these cases the oil is of a type non-volatile at ordinary 
temperatures. Provided the position of the weld is well below the level of the oil 
in the tank, it is often possible to carry out such work with safety. I am of opinion, 
however, that it is unwise to give a general sanction to all work of this kind, and 
that each case must be dealt with on its merits. 

In reply to Mr, Goulston I think that an average gas content of one-fifth of the 
lower explosive limit is not a sufficient safeguard for work requiring the use of naked 
lights, hot rivets or welding. If a limit is to be placed at all, I should say one-twentieth 
of the lower explosive limit. However, I prefer to agree with Mr. Herbert that even 
such a percentage is “‘ not accepted as being safe for hot work unless it is certain that 
no possibility of the development of further vapour exists.” 

Mr. Goulston appears to consider that men working in oil tanks should always wear 
gas masks even though such tanks have been certified as free from gas. This raises 
the important problem of introducing one hazard while preventing another of a similar 
type. The operation of rivetting or welding has to be carried out frequently in places 
difficult of access, and the wearing of gas masks would render the work still more 
difficult, encourage slovenly work and introduce the liability of the firing of the masks 
from the flames used in the repairs. I consider that when a tank has been rendered 
free from inflammable gas, and provided no potential source of gas formation is 
allowed, there is no necessity whatever for the use of gas masks. 

The Dutch practice of closing a tank for 24 hours after it has been found free from 
gas, as mentioned by Mr. Kreulen, should enable one to detect if there are any seams 
or rusty places which are still emitting inflammable gas. It would cause consternation 
among ship owners and repairers in this country if such a demand were made. 
Experience has shown that, provided the steaming, cleaning and ventilating have 
been efficiently carried out, and the necessary precautions taken against further 
production of vapour, there is no need to delay work for 24 hours after a tank has 
been declared free from gas. 

I agree with Mr. Pollock that the common sense and intelligence of the operator 
who tests a tank are of vital importance. Unfortunately he may not be given the 
details of the repair work requiring to be carried out, and in this respect ship-repairers 
should give every facility for an operator to secure full knowledge about the work it 
is proposed to carry out on a tank after it has been tested. 

Experiments made with methane and pentane show that the flame-cap method of 
testing gives equivalent flame-caps for similar percentages by weight of the gases 
concerned. The point made by Mr. Docksey is an important one, and the flame-cap 

apparatus gives approximately the same indication for similar proportions of the 
explosive limits of these gases. 

The experience of Mr. Stewart with oil drums is very interesting. There is no 
doubt that precautions such as he suggests are well worth taking. 














